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ABSTRACT:  Of  all  the  rocket  fuels  used  at  present  or  proposed 

for  the  future,  solid  rocket  fuels  or,  as  they  were  called 
earlier,  rocket  powders,  are  the  most  ancient.  In  the  first 
primitive  rockets  which  appeared  long  ago,  black  gun  powder  — 
solid  rocket  fuel  —  was  burned.  At  present,  new  compositions 
of  solid  fuels  which  approximate  liquid  fuels  with  respect  to 
their  energy  properties  have  been  discovered.  The  servicing 
of  rockets  with  solid  propellant  engines  is  considerable 
simpler  than  for  liquid  propellant  rockets.  All  this  has 
caused  renewed  interest  among  rocket  builders  in  solid  rocket 
fuels.  This  book  is  devoted  to  a  description  of  the 
compositions  of  rocket  fuels,  their  energy  and  service 
properties.  The  book  is  written  from  material  of  the  domestic 
and  foreign  open  press  and  is  intended  for  soldiers,  sergeants, 
students  in  military  schools,  and  for  a  broad  audience  of 
readers  interest  1  in  rocket  technology.  English 
translation;  59  pages. 
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Solid  Rocket  Prone Hants 


Of  all  the  rocket  propellants  applied  at  the  present 
or  proposed  by  technical  progress  for  the  future,  solid 
rocket  propellants,  or,  as  they  were  earlier  called,  rocket 
powders',  are  the  most  ancient.  The  first  primitive  rockets 
that  appeared  in  the  distant  past  burned  black  (smoky) 
powder,  i.e.,  solid  rocket  propellant. 

New  compositions  of  solid  propellants  are  presently 
being  invented  with  energy  characteristics  similar  to 
liquid  propeliants.  The  maintenance  of  rockets  with  solid- 
propellant  engines  is  considerably  simpler  than  that  of 
rockets  with  liquid-propellant  engines.  All  this  again 
aroused  th«  interest  of  rocket  builders  toward  solid  rocket 
propellants. 

Tnis  oamphl< t  is  devoted  to  a  \description  of  the 
eomnositioris  o'-  rocket  propellants,  their  energy  [power] 
ehara^U  rlstie  ,  and  operational  properties. 

Th<  i iamp hie t  was  written  on  the  basis  of  domestic 
and  for*  i;  n  open-source  materials  and  is  intended  for 
enlisted  m>  n,  IJCO's,  students  of  military  schools,  and 
also  for  a  wid*  variety  of  readers  interested  in  rocket 
t  eehnology . 


Anatoliy  Ivanovich  Silant'y* 
Engineer -Colonel 


INTRODUCTION 


Contemporary  rocket  engines  are  heat  machines.  The  work  of  any  heat  machine 
utires  a  source  of  thermal  energy,  i.e„,  fuel. 

The  fuels  applied  in  rocket  engines  are  called  propellants. 

Contemporary  rocket  j/rope Hants  are  chemical  substances  which  give  off  thermal 
•  in  .rry  as  a  result  of  chemical  reactions  (burning):  therefore,  they  are  called 
■n»  mica  1  propellants  in  distinction,  for  instance,  from  intranuclear  and  electrical 
:dp-f  ••  s  of  \  n'-rgy. 

In  grneril,  rc -  t  propellants  consist  of  a  fuel  and  an  oxidizer.  Depending 

the  physical  state  of  the  fuel  and  oxidizer,  rocket  propellants,  as  a  rule, 
•■•ur  l)i  twc  forms,  l.e.,  liould  propellants  [LP]  (JKPT)  and  solid  propellants  [f.P] 
(V:T  1 1 .  It,  accordance-  with  these  forms  of  propellants,  corresponding  rocket  engines 
have  been  developed:  llquld-nropellant  rocket  engines  [LPRE]  0KPJ1)  and  solld- 
rocket  engines  [ OFHE]  (PflTT) . 

fclj-i  nropel  l.ants  similar  to  contemporary  black  powder  were  the  first  sources 
.  f  ivy  of  lock'  t  engines  and  were  applied  for  the  first  time  in  China  and  India 
In  Mv  l  •  ginning  of  our  cnronoglogy.  Black  powder  later  remained  only  as  a 
s-Voni  llant  for  rocket  engines. 

i  rior  to  invention  of  the-  smokeless  powder  and  artillery  weapons  with  rifle  d 
barrels,  rockets  with  SPif  •••■  m  widely  applied  in  military  operations  and  were 
LncLu.i-  :  in  the  armament  c  •  ne  armies  of  many  countries. 

iU vo r ,  th-  com.  v.vic  ly  small  reserve  of  energy  in  black  powder  and  the 
.;:.n  1 1  quantity  of  rases  form'd  during  its  burning  dlu  hot  make  It  possible  to 

U  i  ^r.-  rational  rc/kits  which  could  compete  wi  th  rifled  cannon-type  artillery. 


•  i /  .  yif  * T*F_a: 
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As  the  cannon-type  artillery  improved,  and  its  powe ■ ,  closeness  of  firing 
pattern,  and  rate  of  fire  increased,  the  ineffective  operational  rockets  were 
almost  completely  withdrawn  from  the  armament  of  armies. 

Before  the  Second  World  War,  are  especially  in  the  course  of  it,  t\  i,  •  ‘‘n 

SPKE  of  mainly  tactical  assignment  again  obtained  an  important  vaii*.  •„  u  jtpptand 
in  the  armament  of  the  fighting  armies. 

Soviet  scientists,  considerably  earlier  thru  'lie  others,  reached  successes 
in  th<_  ^rea  of  creating  contemporary  rockets  with  SPRE.  Already  in  19$9  rocket 
missiles  were  part  of  the  aviation  armament  and  in  iy^tl  at  Moscow  our  famous 
"Katyusha's"  [rocket  launchers]  brought  panic  and  terror  to  tht  n  . ite  soldiers. 

During  the  Second  World  War,  rockets  with  SPht,  ol‘-ined  the  widest  application 
and  in  many  cases  the  impact  of  its  influence  exceeded  that  of  cannon-type  artillery. 

The  successes  in  the  creation  of  roc-,  fcs  with  SPRE  became  pcs  itu-  due  to  the 
use  of  net:  nitrocellulose  propellants  (rocket  powders). 

The  postwar  period  of  the  development  of  rocket  technology  was  characterised 
by  cutstanding  achievements  in  the  area  of  the  development  of  guided  rockets  with 
LPRE.  The  high  effectiveness  of  liquid-propellant  rockets  and  the  well-developed 
propulsion  systems  and  flight  control  systems  in  a  short  period  of  time  made  it 
possible  to  attain  huge  successes  in  the  task  of  the  conquest  of  space.  Many 
re.  kefs  with  LPRE  of  various  range  also  were  developed  for  the  needs  of  the  army 
and  navy. 

The  appearance  of  new  solid-propellant  mixtures  and  the  improvement  of  the 
operating  characteristics  of  nitrocellulose  propellants  made  it  possible  to  develop 
i"‘W,  more  improved  rockets  with  SPRE. 

Thus,  for  instance,  the  United  States  is  replacing  rockets  with  LPRE  (G'orp-  ral 
■md  Redstone)  with  rockets  with  SFRE  (Sergeant  and  Pershing).  Simultaneously, 
intt  r.’ontincntai,  antiaircraft,  and  research  solid-propellant  rockets  are  being 
developed  (Polaris,  Minute  man.  Scout,  and  others).  Superpowerl'ul  Sg.RE's  with 
thrust  up  to  thousands  of  tons  and  a  service  life  up  to  nearly  om  minute  also  an 
being  designed.  The  propellant  charges  of  these  engines  will  weigh  hundreds  of 
lens  and  will  have  a  diameter  of  up  to  five  meters  and  a  length  of  up  <o  twenty 
mete  IV 

Table  1  gives  data  on  rockets  with  SPKE  according  to  thr  development  of  m  v 
pi'Opi  Hants  and  more  improved  engine  designs.  From  a  comparison  of  t.h>  data  giv-  e 
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Table  3.  Comparative  Da»v  of  Rockets  with  SPRE 


Ye  ar  of 

■  Gross  weight 

1 

appl ication 

Rockets 

Propellant 

!  of  rocket,  kg 

!  Range ,  km 

1799 

Indian  rockets 

Black  powder 

i  6 

I800-I807 

British  rockets 

The  same 

;  3-11 

1.8-2. 7 

1815-1870 

Russian  incendi- 

I 

The  same 

1 

2. 4-3.5 

ary  and  fragmenta- 

J 

l 

t ion-demolition 

!  rockets 

l-> --,9-19115 

Soviet  rockets 

»  Nitrocellulose 

8 

5.5 

42.5 

7 .9-6.5 

127 

4.5 

1 '^i-19^9 

Herman  turbojet 

1  The  same 

34 

6.9 

missile's 

127 

4.5 

1'  d|  II-I9I15 

American  rockets 

The  same 

IS. 3 

4.75 

27.6 

0.20 

.V -95-1051 

Rockets  of  dif- 

iferent  capitalistic 

icountries  adopted 

for  service: 

l8-.lt 

-  antipersonnel 

,  The  same 

200-1)00 

32-50 

—  tactical 

The  same 

2000-27C0 

160-200 

i’-vm  1951  — 

-  operational- 

•  Nitrocellulose 

9000-11,000 

1600-2400 

and  later 

tactical 

|and  hybrid 

-  medium  radius  j 

I  Hybrid 

13,000 

8000 

of  action 

Being  1 

1  —  inter- 

1 

The  same 

Up  to  36.000 

developed  ‘ 

eountinental  ! 

; 

Projects 

—  space  ] 

The  same 

Over  300,000 

For  satellite 

| 

1  1 

launching 

in  Tab 1 1  1>  one  may  s,  e  that  considerable  successes  in  the  creation  of  rockets  with 
.'PKI'  hsv<  been  made  in  the  last  decade. 

Pol  Id  propeilan  ■  are  finding  wide  application  in  the  engines  of  guided 
■mi i tank  nissiles  [HATH]  (ilTYPC),  guided  and  unguided  alrciaft  rockets,  in  the 
rocket  weapons  of  the  navy,  and  also  as  boosters  and  assisted-takeof f  engines  for 
romnts  and  aircraft  (Fit.  1).  m  addition,  solid  propellants  are  being  used 
successfully  to  drive  the  >-’<us  accessories  on  rockets,  aircraft,  and  earth 
sate  Hites, 


Solid 


Classification  of  solid  rocket  propellants 


The  various  areas  of  application  of  solid  propellants  impose  on  them  diversified 
requirements  which  are  not  always  possible  to  satisfy;  therefore  solid  rocket 
propellants  cannot  completely  redact  liquid  propellants.  Both  propellants  are 
applied  in  rocket  technology  where  they  can  be  used  with  the  greatest  effectiveness. 


-CHAPTER  I 

GENERAL  INFORMATION 

§  1 .  Rocket  Propellants  —  Sources  of  Energy  of  Rocket  Motion 

AH  sources  of  energy  which  can  be  used  for  rocket  motion  are  subdivided  into 
:  wc  lnrgt  groups:  chemical  and  nonchemical. 

The  nonchemical  sources  of  energy  include  sources  of  electrical  energy  and 
t ; -  energy  of  nuclear  fission  (atomic  or  nuclear  energy);  when  nonchemical  energy 
sources  are  used  in  rocket  engines,  the  rocket  must  have,  in  addition  to  the 
!  rope liai.it,  a’ substance  that  directly  accomplishes  work,  l.e. ,  a  working  substance. 

I  ’ 

ucnohemical  sources  of  energy  have  not  yet  found  much  application  in  rocket 
<•  ■hnoldgy. ' 

chemical  sources  of  energy  include  all  form  of  chemical  substances  (fuels) 
which  can  burn  rapidly  in  an  engine  chamber  with  the  release  of  a  large  quantity 
of  heat  and  combustion  products. 

In  national— .  conomic  power  engineering,  fuels  are  defined  only  as  combustible 
substances  (p'e-nt,  coaL,  oil,  nat’ural  gases)  which  burn  in  an  atmosphere  (in 
atmospheric  oxygen'.  On  board  a  rocket  which  moves  both  in  an  atmosphere  and  in  a 
•.u  c..::;  It  Is  necessary  to  have  both  a  fuel  and  an  oxidizer  or  such  complicated 

chemical  substances  which  would  have  fuels  and  oxidizing  elements  in  their 
composition. 

As  we  already  mentl -■  J.  rocket  propellants  are  subdivided  into  two  basic 
forms  ncco! ding  to  their  pays  leal  aggregate  state:  liquid  and  solid . 

Liquid  :>ropc-  1  l:m i  n ,  as  a  rule,  consist  of  two  components:  an  oxidizer  and 
i  L ,  which  are  stotu  J  separately.  They  are  combined  in  the  combustion  chamber 
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and  only  there  do  they  become  the  actual  propellant. 


In  distinction  from  liquid  propellants,  solid  propellants  are  monoprope llanU 
(complex)  which  contain  both  fuels  and  oxidizing  elements  in  their  composition. 
Solid  propellants  are  manufactured  in  factories  from  various  solid  and  .  nula 
substances  in  the  form  of  grains  in  a  specific  geometric  shape  and  arc  uoed  in 


engines  in  this  form. 

The  physical  properties  of  the  propellant  determine  the  engine  design. 

If  we  compare  the  diagrams  of  the  [LPRE]  (5KP.CQ  and  the  [SPRE]  (PflTT)  (Fig.  2), 
it  is  possible  to  note  their  essential  distinction:  the  propellant  components  in 
the  LPRE  are  located  in  different  tanks  of  the  feed  system  and  arc  -..aped  iruo  the 


combustion  chamber;  the  combustion  chamber  in  the  SPn^  is  simultaneously  the 


propellant  container  ("magazine");  this  is  one  of  the  advantages  of  rocket  engines 


that  operation  on  solid  propellant. 

Both  liquid  and  solid  rocket  propellants 
must  possess  a  large  reserve  of  energy  and  form 
a  large  quantity  of  gaseous  products  while  burning. 

However,  solid  propellants  have  a  large 
number  of  special  requirements. 

In  general,  these  requirements  amount  to  the 
following: 

a)  the  ready  propellant  should  be  chemically 
and  physically  stable,  i.e.,  it  should  r.ot 
change  its  properties  during  storage  due  to  the 
influence  of  external  conditions,  in  particular 
temperature  and  atmospheric  humidity; 


Fig.  2.  Diagrams  of  rocket 
enginea ;  a)  diagram  of 
LPRE  with  turbopump  feed 
system:  i  —  oxidizer  tank; 

2  —  fuel  tank;  5  —  oxidizer 
pump;  J!  —  fuel  pump;  5  — 
combustion  chamber;  6  - 
bottle  of  compressed  gas; 

7  -  bottle  with  hydrogen 
p<  roxide;  8  —  steam-gas 
generator;  9  —  turbine;  b) 
diagram  of  SPRE:  1  — 
engine  chamber  with  thermal 
insulation;  2  —  solid- 
propellant  charge;  3  — 
igniter;  *1  -  grid  (diaphragm). 


b)  the  propellant  grains  must  possess 
certain  mechanical  properties:  they  must  not 
be  destroyed  during  transportation  and  during 
rocket  launching,  and  must  not  essentially  change 
their  mechanical  properties  when  the  temperature 
changes; 

c)  the  propellants  must  ignite  easily,  burn 
completely  and  stably  in  the  engines  at  rather  low 
and  high  pressures,  and  insignificantly  change 
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their  burning  rate  depending  upon  the  change  of  the  external  temperature. 


For  use  in  specific  rockets,  the  propellants  are  presented  with  a  number  of 
additional  special  requirements. 

Knowing  the  requirements  imposed  on  solid  rocket  propellants,  it  is  possible 
to  define  them:  solid  rocket  propellants  are  compact,  unitary,  complex  chemical 
systems  that  possess  a  reserve  of  energy  and  have  the  necessary  physical  and 
mechanical  properties  which  permit  their  use  in  rocket  engines . 

The  necessary  properties  are  giver,  to  solid  rocket  propellants  in  process  of 
their  manufacture  by  selecting  the  necessary  chemicals. 

Golid  rocket  propellants  can  burn  rapidly  with  the  release  of  a  considerable 
energy  content  and  combustion  products  which  pickup  this  energy  and  serve  as  the 
working  substance  of  a  jet  engine. 

§  2.  Classification  of  Solid  Rocket  Propellants 

Solid  rocket  propellants  can  be  classified  according  to  purpose,  engine  type, 
•»nd  the  nature  of  the  substances  in  their  composition  (see  Fig.  1). 

With  respect  to  purpose ,  solid  propellants  are  divided  into  primary-purpose 
propellants  (for  primary  rocket  engines)  and  secondary-purpose  propellants  (for 
driving  rocket  accessories,  e.g.,  pumps,  control  mechanisms,  and  for  launching 
and  boosting  trolleys. 

With  respect  to  engine  type ,  solid  propellants  divide  into  propellants  for 
rocket  sustalnors,  for  rocket  boosters,  for  ramjet  engines  [RJE]  (nBP#),  and  for 
■i u.x  1 L  iary  engine s . 

With  respect  to  the  nature  of  the  substances  in  their  composition  and  the 
methods  of  their  manufacture,  solid  rocket  propellants  are  subdivided  into 
nitrocellulose  solid  rocket  propellants  (rocket  powders)  and  hybrid  solid  rocket 
propellants. 

nitrocellulose  .*  .lid  rocket  propellants  are,  as  a  rule,  complex  systems  whose 
energy  and  physico-mechanical  properties  determine  the  cellulose  nitrates  which 
are  dissolved  ar.d  plasticised  by  low-volatile  solvents. 

Nitrocellulose  propellants,  depending  upon  the  nature  of  the  low-volatile 
solvent,  are  subdivided  in' _ : 

—  nitroglycerin  nitrocellulose  propellants,  where  the  solvent  of  the  cellulose 
It  rates  is  nitroglycerin  (glyceryl  Trinitrate); 

—  nitroglycoi  nitrocellulose  propellants,  where  the  solvent  of  the  cellulos. 


nitrates  is  nitrodigiycol  (diethylene  glycol  dinitrate). 

Mixed  solid  rocket  propellants  are  mechanical  mixtures  of  mineral  oxidizers, 
fuels,  and  binders. 

In  many  cases  the  fuel  also  is  simultaneously  the  binder,  and  conv< i st i; • 
therefore,  they  frequently  are  combiied  into  one  category,  i.e.,  fuel  binders. 

Depending  upon  the  properties  of  the  fuel  binders,  mixed  solid  rocket 
propellants  can  be: 

-  nropellants  on  a  low-molecuiar  fuel  base  (black  powder,  RJE  propellants, 
etc. ) ; 

—  propellants  on  a  high-molecular  1 ueb-binder  base. 

Mixed  solid  rocket  propellants  can  differ  with  i.g^rd  to  the  nature  of  the 
oxidizer  and  the  nature  of  the  high-molecular  fuel  binder. 

With  respect  to  the  nature  of  the  iuel  binder,  they  can  be:  t!  >.o  *ol,  butadir*n<~, 
oolyuretinrie,  bituminous,  etc.  With  regard  to  the  nature  of  the  oxidizer: 
perchlorate  (on  an  ammonium  perchlorate  or  potassium  perchlorate  base),  nitrate 
(on  an  ammonium  nitrate  base  with  a  mixture  of  it  and  potassium  nitrate),  and 
pic rate  (on  an  ammonium  pic rate  base). 

The  primary-purpose  propellants  used  most  often  in  rocket  engines  are  various 
compositions  of  nitrocellulose  and  mixed  (on  a  high-molecular  fuel-binder  base) 
solid  rocket  propellants. 

They  will  be  considered  subsequently  in  more  detail. 
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CHAPTER  II 
SOLID  PROPELLANT  COMPOSITIONS 
§  3 .  Nitrocellulose  Propellants 

There  are  many  varieties  of  nitrocellulose  propellants  which  differ  in 
composition  and  component  weight  ratio.  However,  the  weight  ratio  of  the  base 
substances  —  cellulose  nitrates  and  solvent  —  varies  insignificantly.  As  a  rule, 
th-  composition  of  nitrocellulose  propellants  (with  regard  to  weight)  can  vary 
wilnin  the  following  limits: 


Cellulose  nit  rales . 5^-60$ 

Solvent s-plasticizers  (nitroglycerin  or  nitrodiglycol).  .  25-10$ 

Additional  plasticizers  and  substances  which  regulate  the 

energy  characteristics  of  the  propellants  .  8-11$ 

Chemical  stabilizers . Up  to  1-5$ 

Substances  which  facilitate  propellant  manufacture 

(technological  additives)  .  Up  to  2$ 

Substances  which  improve  the  rate  of  propellant 

burning  (catalysis  and  burning  stabilizers)  .  Up  to  5$ 


Table  2  gives  the  composition  of  typical  nitrocellulose  propellants. 

on-  may  ;.;<■<  i roi;  "Me  2  that  nitrocellulose  propellant  are  very  complicated, 
multicomponent  systems  in  which  each  substance  has  its  own  role  in  accordance 
with  it.;  prop«.rt\s. 

Cellulose  nitrates  [on]  (Hip  are  the  energy  bases  of  propellants,  i.e.,  th< y 
release  a  maximum  quantity  ■  ;  heat  upon  combustion.  They  also  simultaneously 
d<1.rmint  th*  physico-im  oh  '.leal  properties  ot  propellants. 

Ci  llulo.'.t  ultra*..:  an  0!  *  alned  by  treating  cellulose  materials  (cotton,  papyri 
with  nitri'  acid  In  th-  presence  of  sulfuric  acid.  This  process  is  called  nitration. 


-11- 


Table  2.  Composition  of  Nitrocellulose  Propellar.s 


Quantity  of  substances  (by  weight)  $ 

Substance 

HJSSTT 

OSS 

Former  gray  army 

H 

HM 

-2 

M-I3 

T-3 

T-5 

T-o 

T-o 

Digl 

10.2 

Digl 

8.9 

Cellulose  ) 
nitrates  j  12 
with  I  12.2 

nitrogen  (  12.5 
content  1  13.15 
in  $  ) 

57 

VJl 

1  1  1  ■*=■ 

52.2 

57.3 

56 

57.4 

55.5 

58 

— 

60.2 

59-8 

61.5 

Nitroglycerin.  .  .  . 

28 

27 

43.0 

O 

o 

-=r 

27 

39.2 

27.5 

22.5 

- 

- 

- 

TH  rodiglycol.  .  .  . 

- 

- 

- 

- 

- 

- 

- 

- 

39.0 

35.3 

34.0 

Dinitrotoluene  .  .  . 

11 

15 

- 

- 

9.5 

- 

10.5 

10.5 

- 

- 

- 

Diethyl  phthalate.  . 

- 

- 

7 

- 

- 

- 

- 

- 

- 

- 

- 

Chemical  stabilizers 

3 

- 

0.6 

1.2 

7.2 

1.7 

4.0 

8.0 

0.7 

2.5 

3.5 

Graphite  or  carbon  . 

- 

- 

- 

0.1 

- 

0.1 

oo 

- 

- 

- 

- 

Magnesium  oxide.  ,  . 

- 

? 

- 

- 

- 

- 

- 

- 

0.1 

0.3 

0.5 

Technological 

additives . 

1 

2 

_ 

_ 

0.1 

0.5 

0.5 

_ 

Other  substances  .  . 

- 

- 

1.2 

1.4 

0.5 

-•5 

1.5 

0.5 

- 

2.1 

0.5 

Sulfuric  acid  is  added  during  nitration  in  order  to  bind  the  water  released  in  the 
course  of  the  reaction. 

In  simple  form  the  reaction  of  nitration  may  be  represented  as  follows: 

C.HjO,  (OH),  +  nHNO,  C,H  ,0,  (OH),  _  „  (0N0,)„  +  nH,0. 

Inasmuch  as  in  the  process  of  nitration  it  is  not  possible  to  completely 
i-placc  the  OH  groups  in  cellulose  with  ONOg  groups,  cellulose  nitrates,  with 
regard  to  their  chemical  composition,  are  very  heterogeneous,  high-molecular 
compounds  that  consist  of  various  fractions  which  contain  a  various  quantity  of 
OMOg  groups  (n  varies  from  zero  to  three).  In  view  of  this,  the  technical  forms 
of  cellulose  nitrates  are  distinguished  first  of  all  by  their  nitrogen  content 
and  solubility  in  an  ether-alcohol  mixture. 

With  regard  to  nitrogen  content,  cellulose  nitrates  are  divided  on  pyroxy l.in 
(with  r<  nitrogen  content  from  12.0  to  13.5$)  and  collodion  (with  a  nitrogen  content 
less  than  12?') . 

The  nitrogen  content  also  determines  many  properties  of  cellulose  nitrates. 
Thus,  the  higher  the  nitrogen  content,  the  lower  their  solubility  in  low-volatile 
solvtnts,  but  the  higher  their  energy  characteristics  and  burning  temperature, 
and  the  lower  the  specific  volume  of  gases. 

Cellulose  nitrates  ignite  easily  from  an  open  flame  and  even  a  small  spark. 
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Th‘.  ir  burning  occurs  due  to  the  active  oxygen  that  is  contained  in  the  ONOg  groups 
and  dot  s  not  require  an  external  oxygen  supply.  The  combustion  products  are 
no„,  CO,  HgO,  Hg,  arid  gases. 

The  heat  oi‘  combustion  of  pyroxylin  is  800-900  kcal/kg,  gas  volume  is 
0-890  lit'  r/kg,  and  Its  turning  temj  nature  is  up  to  3000°K;  the  heat  of 
combust io>  of  collodion  is  800-900  kcal/kg,  gas  volume  is  920-930  liter/kg,  and  its 
combustion  temperatun  is  2800°K. 

Cellulose  nitrates  are  solid  fibrous  substances  with  a  specific  gravity  of 
i.oo-l.eT  c/cnr\  They  are  hygroscopic,  i.e.,  they  can  a’^^orb  and  retain  a 
■ompara lively  large  amount  (1.5-2. 5$)  of  moisture.  Their  hygroscopic ity  is  less, 
the  greater  the  nitrogen  content. 

With  regard  to  their  reserve  of  energy,  cellulose  nitrates  could  be  used 
line t ly  as  a  propellant  since  they  contain  combustible  elements  (carbon  and 
hydrogen)  and  active  oxygen.  However,  the  direct  use  of  cellulose  nitrates  as 
solid  propellants  is  impossible  inasmuch  as  solid,  progressive-burning  grains  cannot 
be  manufactured  from  them.  Even  if  they  are  very  intensely  pressed  in  grains,  they 
will  have  pores.  The  burning  of  these  grains  in  an  engine  will  occur  with  an 
explosion  and  will  cause  the  destruction  of  the  engine. 

In  order  to  manufacture  compact,  mechanically  strong  grains,  cellulose 
nitrates  are  treated  with  solvents  and  plasticizers.  In  the  process  of  treatment, 

•t  comparatively  high  temperatures  and  pressures,  solid  solutions  or  plasticized 
cellulose  nitrates  are  obtained.  In  order  not  to  lower  the  energy  reserve  of  Mi' 
propellant,  the  solvents  and  certain  plasticizers  are  selected  from  those  which 
actually  contain  active  oxygen  and  have  a  large  energy  reserve.  The  most 
convenient  for  tin  se  purposes  turned  out  to  be  nitroglycerin  and  nitrodiglycol. 
n i * ror ly  > rin  and  nitrodiglycol  also  are  the  energy  bases  of  nitrocellulose 
■  1  or. '  1  ’  ant  s  ,ni  ,-.imu ' 1  an.  ously  ensure  the  manuiacture  of  a  homogeneous,  physically 
c l form,  prop*  llant  mass. 

That,  nit  roc.  Huio..*  propellants  include,  as  a  rule,  two  substance  s  that  an 
'Iv  ba-.i  •  sources  of  mi,;;,  in  the  propellant  (cellulose  nitrates  and  nitroglycerin 
or  n I t rudiglycol) ,  and  tt  "a-v  are  still  called  doub lc -base  propellants. 

Kitrc^lyeorln  Is  a  ..0.1  ietc  ester  of  triatomic  glycerin  alcohol  and  nitric 
•Id.  Tt  is  .  asily  ’  o  "i„.  1  ly  Mu  interaction  of  nitric  acid  and  glycerin  in  Urn 
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presence  of  sulfuric  acid  according  to  the  following  region: 


CH.-OH  +  HNO,  CH,-0-N0, 


S  HrSO*  I 

CH  —  OH  +  HNOj  — *  CH  —  0- 
!  ! 
CH,-OH  +  HNO,  CH,  — Q  — 


NO,  +  3H,0. 
NO,  . 


Nitroglycerin  is  one  of  the  most  powerful  explosives.  It  is  very  sensitive 
tc  shocks  and  friction. 

Nitroglycerin  also  burns  due  to  the  active  oxygen  that  is  contained  in  the 
ONOg  groups.  The  total  oxygt-r,  content  in  nitroglycerin  is  retained  with  an  excess 
for  complete  oxidation  of  the  combustible  elements  —  hydrogen  and  carbon.  Therefore, 
the  combustion  products  of  nitroglycerin  are  CCg,  H.,0,  Ng,  and  a  slight  amount  of 
oxygen  Og. 

Burning  is  accompanied  by  the  is ’ease  of  1^65  keal/kg  of  heat  with  the 
formation  of  715  liter/kg  of  gases  at  a  temperature  of  up  to  4400°K. 

With  respect  to  its  energy  reserve,  it  exceeds  cellulose  nitrates  and  is  a 
very  important  component  part  of  propellants. 

Under  normal  conditions,  nitroglycerin  is  a  transparent,  odorless  liquid  with 
a  specific  gravity  of  1.6  g/cirr*.  At  a  temperature  of  lj}.2°C  it  crystallises  into 
rhombic  crystals.  Pure  (without  an  acid  admixture)  nitroglycerin  is  a  more  chemically 
stable  substance  than  cellulose  nitrate.  It  intensely  evaporates  at  a  temperature 
of  f;0oC. 


Various  ratios  of  cellulose  nitrates  and  nitroglycerine  are  the  double  bases 
of  contemporary  nitrocellulose  rocket  propellants. 

Nltrodiglycol  is  a  complete  ester  of  nitric  acid  and  diethylene  glycol.  It 
is  obtained  in  approximately  the  came  way  as  nitroglycerin: 

CHj  —  CHjOH  +  UNO,  CH*  -  CH,  -  0  -  NO, 

I  11, so.  I. 

O  — *  0  +  2H,0. 

I  ! 

CH,  -  CH,OH  +  F INO,  CH,  -  CH,  -  0  -  MO, 

Nltrodiglycol  also  is  an  explosive;  it  is  less  sensitive  to  mechanical 
influences  than  nitroglycerin. 

There  is  less  active  oxygen  in  nltrodiglycol.  The  combustion  products  of 
nltrodiglycol  are  COg,  CO,  HgO,  Hg,  and  Ng  gases.  Burning  is  accompanied  by  a 
release  of  about  1030  keal/kg  of  heat  and  the  formation  of  1020  llter/kg  of  gasc  s 
with  a  temperature  of  up  to  2800°K. 
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Under  normal  conditions,  nitrodiglycol  is  a  colorless,  sometimes  yellowish, 
odorless  liquid  with  a  specific  gravity  of  1.39  g/cm''.  It  solidifies  at  a 
temperature  of  -11.3°C. 

Nitrodiglycol  dissolves  and  plasticizes  cellulose  nitrates  better  than 
nitroglycerin.  However,  because  it  is  impossible  to  vary  the  energy  properties 
of  double-base  compositions  of  nitrodiglycol  and  cellulose  nitrates  in  wide  limits, 
nitrodiglycol  is  used  less  often  than  nitroglycerin,  for  the  manufacture  of 
nitrocellulose  propellants. 

Nitroglycerin  in  combination  with  cellulose  nitrates,  depending  upon  their 
relationship  in  the  bipropellant  system,  provide  wide  limits  of  the  energy 
capabilities  of  these  propellants.  The  greater  the  content  of  nitroglycerin  in  the 
,_ropellant,  the  greater  the  reserve  of  energy.  But  with  a  very  large  content  of 
i  itroglycerin  (more  than  JJO-^Jo),  the  physico-mechanical  properties  of  the  double 
.•ystems  are  sharply  lowered;  they  simply  become  jelly-like  (viscous)  and  it  is 
impossible  to  make  grains  from  them.  In  addition,  double  systems  do  not  always 
correspond  to  the  requirements  Imposed  upon  solid  rocket  propellants  and  a  number 
of  other  properties;  therefore,  several  other  substances  are  introduced  into 
cellulose  nitrate-nitroglycerin  (nitrodiglycol)  double  systems. 

Additional  plasticizers  and  substances  which  regulate  the  energy  properties 
of  nitrocellulose  propellants.  They  include  dinitrotoluene  [DNT]  (JJHT),  dibutyl 
phthalate  [DBP]  ($B3),  and  diethyl  phthalate  [DEP]  (#8$). 

Dinitrotoluene  CoHy?H^(N02)2  is  a  dark-yeilow  crystal  substance  with  a  specific 
gravity  of  1.52  g/cnr5  and  a  melting  point  of  70.5°C.  For  the  manufacture  of 
propellants,  it  is  applied  in  melted  form. 

Dibutyl  phthalate  CgH^COOC^H^g  and  diethyl  phthalate  C(rH1|(C00C2H^)o  are 
colorless  liquids  which  well  plasticize  cellulose  nitrates. 

The  substances  ~  this  group,  which  are  organic  compounds,  combine  well  with 
low-’. olatile  solvents.  Tnty  do  not  contain  at  all  or  contain  very  little 
(  iinitrotoluene)  active  oxygen;  therefore,  in  the  oxidation  (burning)  of  the 
arbon  and  hydrogen  atoms  which  they  contain,  part  of  the  active  oxygen  of 
nitroglycerin  and  cellule  .  '.'rates  is  expended.  The  relative  amount  of  oxygen 
In  the  propellant  is  low<  rt  i,  which  leads  to  a  lowering  of  its  energy 
I  iracteristics. 

Chemical  stabilize  rr.  are  introduced  into  the  propellant  t.o  prevent  the  rapid 
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chemical  decomposition  of  the  chemically  unstable  cellulu  nitrates 
nitroglycerin  during  propellant  manufacture  and  stors-n-. 


■  >  .1 


As  noted  above,  cellulose  nitrates  and  nitroglycex in  are  chemically  unstab i> 
compounds  v.'hich  are  inclined  towards  spontaneous  decomposition  with  the  1  .  -  ■ 

of  r  ! f  rcgen  oxides.  The  process  of  decomposition  is  greatly  acco  1<.  t  at*-  i  n 
raised  i-.moeratures  and  may  cause  self -ignition  of  the  nrone 11  ants,  especially  In 
the  pro  ■■  ss  of  their  manufacture. 

’’ii'  mica  1  stabilizers  do  not  eliminate  nitrate  decomposition,  but,  after  being 
combined  with  the  liberated  nit/cg^n  oxides,  neutralize  them  and  thereby  prevent 
the  acceleration  cl  decomposition. 

The  cnemical  stabilizers  applied  are  complex  etc  compounds  —  centralites 
and  acardites. 

for  instance,  centralite  No.  1  (die  .f  ,v ldiphenylurea)  -  .  -  CO  -  N  - 

-  is  a  wh4te  crystalline  substance  with  ■  soecific  gravity  of  1J  g/cm  ' 

and  a  melting  point  of  79°C.  At  raised  temperature,  centralite  No.  1  (just  as 
ether  stabilizers)  can  plasticize  col1 adion. 

Centralites  are  introduced  into  the  propellant  as  chemical  stabilizers  in 
small  quantities  of  no  more  than  yfr.  They  are  introduced  in  larger  quantities  -s 
collodion  plasticizers  and  as  substances  which  lower  the  energy  characteristic:, 
of  propellants  (fu<.  1  T-3,  T-6,  T-8,  see  Table  2). 

Substances  that  Improve  propellant  burning  are  usually  mineral  compounds: 

•  .g.,  salts  or  oxides  (Sn0’2,  MgO,  SnC,  Cr20j),  and  also  carbon  black  or  graphite. 
Thdr  action  shows  up  only  during  propellant  burning  and  leads  either  to  acceleration 
or  deceleration  of  the  burning  process,  or  to  its  stabilization  in  the  engine 
chambr r. 

Technological  additives  are  intorduced  into  a  propellant  for  the  most  critical 
technological  operations  —  rolling  and  molding  (pressing)  the  propellant  macs  - 
to  ki'.-T  machine  loads  and  friction.  '™*ey  play  the  role  of  a  lubricant  both 
insia"  the  propellant  mass  and  also  between  the  propellant  mass  and  the  tool.  Thr 
following  technological  additives  9re  used:  vaseline  oil  (vaseline),  lead 
■uarate,  graphite,  ana  others.  They  are  introduced  in  small  quantities. 

The  propellant  compositions  given  in  Table  2  were  developed  basically  by 
means  of  <  xperimentui  selection  of  component  substances.  At  present  there  is 
theoretical  research  being  conducted  on  the  purposeful  composition  of  new 
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propellant  mixtures.  However,  the  possibilities  of  nitrocellulose  propellants  are 
limited.  In  addition,  the  higher  the  energy  characteristics  of  nitrocellulose 
propellants,  the  more  difficult  .•  nd,  essentially,  the  more  dangerous  the  producti  n. 
In  particular,  propel j ants  of  the  type  M-8  and  M-13  cannot  be  manufactured  by 
contemporary  production  methods  in  •'he  fcum  of  grains  of  more  than  280  mm  in 
diameter,  which  to  a  considerable  extent  limits  the  application  of  nitrocellulose 
propellants  for  large  engines. 


Nitrocellulose  propellants  are  manufactured  according  to  a  comparatively 
complicated  system  with  the  use  of  high  temperatures  and  pressure. 

The  production  task  is  to  manufacture  solid,  physically  compact,  propellant 
grains  suitable  for  use  in  engines  from  a  large  quantity  of  chemical  substances 
which  differ  in  their  properties  and  physical  state. 

Tiie  production  of  nitrocellulose  propellants  is  shown  schematically  in  Pig.  3 
•mu  consists  of  the  following, 

nil  substances  that  are  preliminarily  prepared  for  production  are  mixed  in  an 


■iqm  ous  medium  in  a  mixer.  Here,  nitrogly- 


Mg.  3.  Fundamental  dim  -  the 

production  of  nitroce ilul  ■.  ..ropeilants. 
1  —  heated  mixer;  2  —  i'uii  ri;  uge;  3  — 
heated  rollers  and  ir  for 

■  last  ideation  under  juw.auiv  ;  —  press 

jr  injection  machin*  :  cj  —  bill  t;  6  — 
machining  of  billet;  7  —  check  for 
uniformity  of  train. 


erin  (nitrodiglycol)  and  other  liquid 
plasticizers  that  are  slightly  soluble 
in  water  impregnate  cexlulose  nitrates, 
partially  dissolving  them.  No 
chemical  reactions  occur,  and  only 
physical  processes  take  place. 

The  ready  mixture  of  substances 
on  centrifuges  2  is  removed  from  the 
water  and  directed  to  hot  rollers  3, 
where,  at  raised  temperature  and  under 
cylinder  pressure,  there  occur 
accelerated  processes  of  dissolution 
and  plasticization  of  the  cellulose 
nitrates  and  removal  of  excess  water. 

The  finished  propellant  emerges 
from  the  rollers  in  the  form  of  a 
soft  sheet  and  is  then  molded  on 
presses  ^  in  the  form  of  grains  or 
billets  5.  The  billets  are  machined 
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to  a  specified  shape  6,  checked,  and  can  be  assembled  with  an  engine. 

Most  industrial  operations  for  manufacture  of  propellants  art  dangerous  in  the 
sense  of  fire  and  explosion,  and  they  are  controlled  at  a  distance  (remotely''. 

§  i».  Hybrid  Propellants 

Hybrid  solid  rocket  propellants,  in  distinction  from  nitiocellulose  propellant.', 
are  mechanical  mixtures  oi  mineral  oxidizers  and  fuel  binders. 

The  oxidizers  used  for  the  manufacture  of  hybrid  propellant  are  exclusively 
the  salts  of  mineral  acids  which,  during  thermal  ie composition,  can  liberate  free 
oxygen . 

The  fuel  binders  employed  in  contemporary  hybrid  propellants  are  high- 
molecular  compounds,  e.g.,  monomers,  which  are  polymerized  or  consolidated  into 
polymers  during  the  manufacturing  process. 

If  the  oxidizer  basically  determine’'  th  energy  capabilities  of  hybrid 
propellants,  their  chemical  and  physieo-mechanical  pi^nerties  then  depend  on  the 
fuel  binders. 

Depending  upon  the  fuel  binder  employed,  propellants  can  be  therinoactive 
(thermoplastic) ,  i.e.,  just  as  nitrocellulose  propellants,  which  are  softened  under 
the  influence  of  high  temperature,  and  thermoreactive  (rubber-like),  i.e.,  which 
are  not  softened  under  the  Influence  of  high  temperature. 

In  spite  of  the  variety  of  existing  compositions  and  those  being  develope  d 
lit  foreign  laboratories,  hybrid  fuels,  as  a  rule,  contain  the  following  substances 
(by  weight): 

Oxidizers  (potassium  perchlorate,  ammonium  perchlorate. 


ammonium  nitrate)  .  60-80$ 

Fuel  binders  (rubber,  polyurethane)  .  25-15$ 

Aluminum  (in  powder  form) . 10-5$ 

Catalysts  and  other  special  substances . Up  to  5$ 


Typical  compositions  of  hybrid  propellants  are  given  in  Table  5. 

By  comparing  hybrid  propellants  with  nitrocellulose  propellants,  it  is 
possible  to  see  that  hybrid  propellants  are  simpler  with  regard  to  composition 
and  quantity  of  substances.  They  contain  two  or  three  (rarely  four)  substances, 
which  ensures  the  simplicity  of  their  manufacture. 


} 
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Tab1<~  v> .  Composition  of  Hybrid  Propellants 


Substance 

Quantity  of  substances  (by  weight),  £ 

LT-ibl 

Thiocol 

ElA 

AM 

|  Polyurethane 

Styrene 

Tp 

Potassium  perchlorate 

76 

— 

60 

— 

— 

— 

— 

— 

— 

Ammonium  perch i  irate 

- 

75 

- 

45 

- 

60 

60 

72 

80 

Potassium  nitrat« 

- 

- 

- 

45 

- 

- 

- 

- 

Ammonium  nitrtte 

- 

- 

- 

- 

80 

- 

- 

- 

- 

Bitum  t 1  s 

1? 

- 

- 

- 

- 

- 

- 

— 

- 

Petroleum  oils 

7 

- 

- 

- 

- 

— 

— 

— 

- 

Thiocol 

- 

25 

20 

- 

- 

— 

- 

— 

- 

Polyurethane 

- 

- 

- 

- 

- 

25 

1 

— 

- 

A luminum  ( powde  r ) 

- 

- 

- 

- 

- 

15 

|  40 

- 

- 

Synthetic  resins 

- 

- 

- 

10 

18 

- 

10 

20 

Catalysts 

- 

- 

- 

- 

2 

- 

) 

- 

- 

Toluene 

- 

- 

20 

- 

- 

— 

— 

- 

— 

Polystyrene 

- 

- 

- 

- 

- 

- 

18 

- 

Hybrid  Propellant  Oxidizers 

The  oxidizers  in  hybrid  solid  rocket  propellants  can  be  solid,  chemically 


stable ,  inert  to  combustible  substances,  chemical  compounds,  upon  thermal 
disintegration  of  which  the  liberation  of  excess  free  oxygen  is  possible. 

Inasmuch  as  all  solid  oxidizers  also  have  other,  frequently  combustible, 
i  Irments  in  their  composition,  the  free  oxygen  of  an  oxidizer  is  usually  thought 
of  as  that  amount  cf  it  which  remains  after  the  complete  oxidation  of  the 


combustible  elements  of  the  oxidizer  itself. 


Fur  instance,  in  ammonium  nitrate  NH^NOj,  the  combustible  element  is  hydrtren, 
which  oxidizes  to  water  upon  thermal  disintegration  according  to  the  following 
rear  t.ion : 


NH4N03  2HoO  +  Ni  +'0,50* 

If  no2  is  the  molecular  weight  of  oxygen,  and  M..„  is  the  molecular  weight 

4  5 

of  ammonium  nitrate,  the  iree  oxygen  in  ammonium  nitrate  in  percents  will  be 

100=  0,5X--  ioo = 20%. 

^.NH.NO,  80,0 

V.'lth  respect  to  its  rest  rve  of  free  oxygen,  ammonium  nitrate  is  almost  the 
same  oxidizer  as  air. 

The  quantity  of  fre,  ,v  ?,  gen  is  a  very  important  characteristic  since  it, 

•  terminus  not  only  tie  i-mp,;  haracteristics  of  the  propellants,  but  also  th< 
possibility  of  manufacturing  a  propellant  with  a  given  fuel  binder. 
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For  instance,  in  order  to  completely  burn  1  kg  of  k-.  rosene,  it  Is  necessary 
to  have  l'l  kg  of  air  and  a  total  of  2.5  kg  of  oxygen.  To  completely  burn  1  kg 
of  bitumn  (its  composition  is  similar  to  that  of  kerosene),  it  is  necessary  t 
have  about  15  kg  of  ammonium  nitrate.  If  we  tried  to  manufacture  suet  ■  e,’> 

pr. fllant,  it  would  be  necessary  to  have  up  to  97$  ammonium  nitrate  mu  a  total 
of  5$  bitumen.  This  propellant,  due  to  the  small  quantity  of  the  fuel  binder,  will 
not  po. sens  the  necessary  properties.  Therefore,  the  greater  the  amount  of  free 
oxyten  In  the  oxidizer,  the  better  it  will  be. 

Other  requirements  for  oxidizers  are  involved  with  the  conditions  of  manufacture 
and  subsequent  storage  of  the  propellants.  In  accordance  with  u.  requirements, 
oxidizers  must  not  interact  chemically  wit.i  their  iuex  binder,  must  not  bt 
hygroscopic,  and  must  not  decompose  at  high  temperatures,  and  also,  must  nut 
liberate  solid  products  during  propellant  burning  as  much  as  possl  ■  . 

Table  h  lists  some  typical  oxidizers  and  their  properties  are  described  below. 


Table  4. _ Properties  of  Oxidizers  for  Hybrid  Propellants 


Molecular 

Specific 

Melting 

Heat  of 

Reaction  of 

Quantity 

Oxidizer 

Formula 

weight 

gravity. 

point. 

combustion. 

high- tempo  nature 

of  free 

g/cm^ 

°C 

keal/kg 

disintegration 

oxygen,  < 

Potassium 

158.5 

600 

perchlorate 

KClOh 

2.5 

775 

KCIO*  KCI  +  20* 

¥0 

(decom¬ 

poses) 

Lithium 

perchlorate 

LiClOjj 

106.  ^ 

2.45 

9>I0 

LICIO*  -*  L1CI  +  20* 

GO 

Ammonium 

perchlorate 

NHjjClOjj 

117.5 

1.88 

150 

591 

| 

2NH4Ci04~*3HJ0*  i 

54 

(decom¬ 

poses) 

+  2HCI-f-N,+ 2.50* 

Potassium 

nitrate 

KUO, 

101.1 

2.10 

555 

1160 

2K  NO*  -*  K*0  +  N* + 

1(0 

0 

+  2,50* 

Ammonium 

NK4KO*  -*■  211*0  + 

nit  rate 

80.05 

1.70 

16a 

1090 

20 

J 

+  0,50*  q-  N* 

nr  nonlum  perchlorate  NH^CIO^  is  a  white  crystalline  powder  with  a  specific 
gruvify  of  1.88  g/ cm.  It  decomposes  upon  heating  to  a  temperature  about  150  0. 
it  absorbs  •'(,  insignificant  amount  of  moisture  in  the  air.  It  is  sensitive  to 
snooks  and  friction,  especially  when  it  contains  combustibel  admixtures.  It  can 
burn  and  .  xplodt .  Upon  burning,  it  does  not  release  solid  products,  but  its 
combustion  products  contain  an  aggressive  and  poisonous  gas,  i.e.,  hydrogen 
chloride  HCI. 

_?n_ 


Potassium  perchlorate  KCIO^  is  a  white  crystalline  powder  with  a  specific 
gravity  of  2.5  g/cm^.  It  decomposes  upon  being  heated  above  600°C.  It  does  not 
absorb  moisture  in  the  air.  It  is  Less  sensitive  to  shocks  and  friction  than 
ammonium  perchlorate.  It  does  not  burn  and  does  not  explode.  Upon  burning  in 
propellants,  it  releases  a  solid  product,  i.e„,  potassium  chloride  KC1,  which 
creates  a  wnse  smoke  cloud. 

Ammonium  nitrate  (dorway  saltpeter)  NH^NO^  is  a  white  crystalline  powder  with 
a  specific  gravity  of  1.7  g/cirf  .  It  decomposes  upon  being  heated  above  170°C. 
it  is  very  hygroscopic.  It  can  burn  and  explode.  Upon  burning,  it  liberates 
only  a  large  quantity  of  gaseous  products. 

Potassium  nitrate  (niter)  KNO,.  is  a  white  crystalline  powder  with  a  specific 
gravity  of  2.1  g/cnr5.  It  decomposes  upon  being  heated  above  330°C;  it  is  less 
hygroscopic  than  ammonium  nitrate.  It  does  not  burn  and  does  not  explode.  Upon 
burning  in  propellants,  it  releases  a  solid  product,  i.e.,  potassium  oxide  KgO. 

There  is  obviously  much  more  to  the  nature  of  solid  mineral  oxidizers  than 
indicated  in  Table  4.  However,  either  due  to  an  insignificant  quantity  of  free 
oxygen,  or  because  of  their  physclal  properties,  they  cannot  be  used  practically 
for  the  manufacture  of  solid  propellants. 

Moreover,  even  from  the  five  oxidizers  given  in  Table  4,  not  all  oxidizers 
satisfy  the  requirements  imposed  on  them. 

Thus,  lithium  perchlorate,  which  has  a  maximum  reserve  of  free  oxygen, 
greedily  absorbs  moisture  from  the  air  and  loses  its  properties.  Therefore,  it  is 
not  applied  for  the  manufacture  of  propellants. 

Potassium  and  ammonium  nitrate  also  are  very  hygroscopic  and,  in  addition, 
have  a  very  low  heat  of  formation,  which  does  not  permit  the  manufacture  of  a 
prop*  Uant  even  with  a  medium  reserve  of  energy.  Moreover,  potassium  nitrate 
U)<  rmally  disintegrat  a  with  the  formation  of  solid  potassium  oxide,  what  lowers 
its  qualities  as  an  oxidizer.  Therefore,  potassium  and  ammonium  nitrate  are 
nppliid  very  rarely. 

Potassium  perchlorate's  properties  are  of  interest  with  regard  to  oxidizers. 

Howi  ver,  it  possesses  om  ■  •  ■  tial  deficiency:  the  potassium  chloride  that  is  form'd 

during  its  thermal  disintegration  evaporates  at  propellant-burning  temperatures 
i  .t  strongly  lowers  tp.  tin.  rm-  l  properties  of  the  combustion  products.  It  is 
somtims  applied  eitln  r  as  the  primary  oxidizer  or  as  an  additive  in  nitrocelluLos' 
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propellants. 

The  only  oxidizer  which  to  some  extent  satisfies  all  the  requirements  is 
considered  to  be  ammonium  perchlorate,  but  it  also  is  not  an  ideal  oxidizer  si» 
it  has  a  comparatively  small  reserve  of  free  oxygen  and  releases  aggros  -  ivc  i,  n 

chloride  upon  burning,  which  turns  into  hydrochloric  acid  in  the  presume  of 
moisture.  Ammonium  perchlorate  at  present  is  the  only  oxidizer  on  the  basis  of 
which  hybrid  solid  rocket  propellants  are  manufactured  abroad. 

Fuel  Binders  of  Hybrid  Propellants 

As  shown  above,  the  manufacture  Jarre  grains  from  nitrocellulose  propellants 
with  high  energy  characteristics  is  very  complicated  and  dangerous. 

Hybrid  solid  propellants  do  not  yield  to  nitrocellulose  propellants  and  even 
essentially  exceed  them  with  respect  to  their  energy  characteristics,  ed  make  it 
possible  to  manufacture  propellant  grains  of  practically  any  size. 

To  manufacture  grains  of  hybrid  propellant,  a  mobile  mixture  of  oxidizer  and 
fuel  binder  is  made,  and  then  it  is  poured  into  molds  or  directly  into  the  engine 
chamber  and  solidifies  there.  In  this  method  of  production,  the  mechanical 
operations  are  reduced  to  a  minimum  and  are  applied  only  in  the  less  dangerous 
technological  processes. 

This  method  of  propellant  production  required  new  chemicals.  The  most 
suitable  ones  turned  out  to  be  high-molecular  compounds,  or  polymers. 

High-molecular,  or  polymer  compounds  are  those  substances  whose  molecules 
consist  of  numerous  elementary  members  are  bound  together  by  intramolecular  bonds 
into  long  chains  of  linear  or  bifurcated  structure  and,  in  accordance  with  their 
structure,  form  elastic  or  rigid  space  lattices. 

The  primary  chain  of  organic  polymers  consists  of  carbon  atoms,  sometimes 
with  the  alternation  of  hydrogen,  oxygen,  nitrogen  sulfur,  or  phosphorus  atoms. 

The  properties  of  polymers  depend  on  the  chemical  structure  of  the  elementary 
sections,  their  number,  and  relative  positions.  The  following  designation  has  been 
adopted  for  polymers  of  linear  structure: 

(-A*-),. 

where  M  is  an  elementary  structural  link  of  the  chain;  n  is  the  number  of  link  or 
the  degree  of  polymerization. 
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For  instance,  polyethylene  can  be  designated  as 

(— CHj  — CHt— )„. 

Polymer  comDounds  art  not  individual  chemical  compounds;  they  usually  are  a 
mixture  of  polyme rhoirolcgs ,  i.e,,  compounds  with  various  numbers  of  members. 

Many  polymers  are  obtained  in  solid  form  from  liquid  low-molecular  compounds, 
!.••.,  monomers,  the  length  of  whose  chain  consists  of  a  small  number  of  links  or 
only  one  link. 

Monomers  can  be  spontaneously  united  into  long  chains,  i.e.,  polymers.  Special 
substances  called  initiators  or  solidifiers  are  employed  to  accelerate  the  process 
of  polymerization  or  solidification. 

Many  high-molecular  compounds  can  be  mixed  well  and  bonded  with  inert  fillers 
(powders),  and  then  solidified  into  a  monolithic  mass. 

Upon  heating,  certain  polymers  are  softened  and  become  viscous  or  plastic,  and 
in  this  state  they  can  be  mixed  with  fillers  and  durably  held  together.  They  can 
be  poured  into  molds  and  propellant  grains  of  a  specific  shape  can  be  obtained. 

The  ability  of  certain  polymers  to  be  bonded  with  oxidizers  and  to  possess 
high  physico-mechanical  properties  following  solidification  made  it  possible  to 
develop  and  manufacture  various  solid  hybrid  propellants.  Inasmuch  as  polymers 
execute  the  role  of  a  fuel  and  a  binder,  they  are  called  fuel  binders. 

Fuel  binders  are  presented  with  the  following  requirements: 

—  they  must  be  able  to  take  as  large  a  quantity  of  oxidizer  as  possible  and 
be  strongly  bonded  with  it; 

—  they  must  be  chemically  and  physically  stable  compounds,  especially  under 
the  influence  of  external  temperature  and  atmosphere; 

—  upon  solidifying,  they  should  release  fewer  reaction  products  and  should 
not  shrink; 

—  it  is  desirabl-  have  as  many  hydrogen  atoms  and  as  few  oxygen,  carbon, 
uid  nitrogen  atoms  as  possible  in  their  composition. 

In  thi  selection  of  a  fuel  binder,  prime  attention  is  allotted  to  their 
technological  proptrtics  in  the  liquid  state  and  their  physico-mechanical  properties 
in  the  solidified  state. 

The  fuel  binder  ■  ,ytd  in  propellants  was  butadiene  and  polyisobutylene 
■ubbers,  polyuretham  s,  polysulfides  (thiocols),  bitumens,  and  certain  other 
polymers. 
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ai\.  uDtained  artificially 


Butadiene  and  polyisobutylene  rubbers 


'suet  contain  carbon  ana  hydrogen  atoms.  Unsolidified  rubbers  aie  very  viscous, 

sticky  liquids.  The  density  of  rubbers  somewhat  greater  than  unity.  Th< ; 

tak<  a  large  uantity  of  oxidizer  and  bind  well  with  it.  It  is  pe^sii  ,  prepare 

a  mixture  of  one  part  rubber  and  ter.  parts  oxidizer  without  ary  particular 

difficulties. 

Polyisobutylenes  retain  their  elasticity  to  a  temperature  of  -70°C.  They  are 
stable  to  the  action  of  water,  oxygen,  and  ozone,  and  burn  well.  They  are  very 
stable  to  aging.  They  mix  well  with  bi turn- ns  (rubberized  bituim.rs’1. 

Poly  isobutylenes  can  be  molded  at  a  temperatur.  of  180-200cC.  They  are  treated 
with  fillers  at  lower  temperatures.  The  heat  of  combustion  of  rubbers  in  oxygen 
is  10,000-11,000  keal/kg. 

The  rain  deficiency  of  polyisobutylenes  is  their  "cold  fluidity,"  i.e.,  the 
ability  to  change  shape  ("flow"  at  room  temperature  even  under  the  action  of 
gravity) . 

Polysulfide  rubbers  (thiocols)  [-  (CH2)m  -  S  -  S  -)]n  are  obtained  artificially 
and,  in  addition  to  carbon  and  hydrogen,  contain  up  to  40#  sulfur. 

Unsolidified  thiocol  is  a  viscous,  sticky  liquid  with  a  sharp  unpleasant  odor. 
The  density  of  thiocol  is  greater  than  unity.  In  solidified  form,  it  takes  on  a 
rubber-like  state.  At  a  temperature  above  80°C,  thiocol  decomposes  gradually; 
upon  cooling  below  15°C,  the  polymer  becomes  brittle. 

Vulcanized  (solidified)  thiocol  is  very  stable  to  oxidation,  the  action  of 
light,  atmospheric  oxygen,  ozone,  and  also  aging. 

Thiocol  can  take  a  large  quantity  of  mineral  filler  and  does  not  lose  its 
vulcanizing  ability. 

Thiocol  is  vulcanized  with  the  liberation  of  water,  for  the  binding  of  which 
special  additives  are  introduced  into  thiocol.  To  increase  the  strength  of 
vulcanized  thiocol,  strengthening  additives  are  introduced  into  it.  The  heat  of 
combustion  of  thiocol  in  oxygen  is  almost  twice  as  less  than  that  oi  polyisobutylcncs 
and  is  equal  to  5500-6000  keal/kg. 

Thiocols  are  widely  applied  in  industry  for  the  manufacture  of  various 
vessels  and  wire  Insulation.  A  variety  of  thiocol  Is  fuel  binder  C-12. 

Fuel  binder  C-12  is  a  high-molecular  compound  similar  to  thiocol  but  with  a 
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larger  content  of  carbon  and  hydrogen  and  a  smaller  quantity  of  sulfur.  As  compared 
to  ordinary  thiocol,  C-12  mak^s  it  possible  to  obtain  a  propellant  with  a  larger 
value  of  specific  thrust . 

Polyure  thant  s  f  ^ 

\ — N—C—O— 

polymers  whose  properties  can  vary  within  wide  limits  depending  on  the  selection  of 
Uk  appropriate  farent  substances.  Their  density  somewhat  higher  than  unity.  Their 
lit  at  of  combustion  in  oxygen  is  6500-7000  kcal/kg. 

Liquid  polyurethanes  are  employed  for  manufacturing  propellants.  They  are 
monomers  which  solidify  after  mixing  with  an  oxidizer. 

Liquid  polyurethanes  are  very  viscous,  sticky  liquids  which  take  to  mineral 
oxidizers  very  well.  In  the  solidified  state,  they  are  durable  materials  that 
cm  melt  at  temperatures  of  150-200°C.  Their  elastic  properties  of  polyurethane 
•.re  retained  even  at  negative  temperatures.  They  are  stable  to  the  action  of 
oxygen. 

Low-molecular  polyurethanes  are  used  for  the  manufacture  of  films  and  fibers. 
Higher-molecular  polyurethanes  are  used  for  the  manufacture  of  various  instrument 
components  by  pressure  die  casting.  Polyurethanes  are  widely  employed  for  the 
manufacture  of  foam  plastics,  thermal  insulation,  and  building  materials, 

Polyureitiat.cs  are  very  widely  used  as  fuel  binders  in  hydrid  solid  propellants. 

Bitumens  are  the  final  products  of  petroleum  and  coal  processing.  They  are 
a  complex  mixture  of  saturated  and  unsaturated  hydrocarbons  and  carbon  and  their 
elemental  composition  is  similar  to  that  of  kerosene.  The  density  of  bitumens 
is  somewhat  great  than  unity  and  the  heat  of  combustion  in  oxygen  is  the  same  as 
for  kerosene,  i.c.,  10,000-11,000  kcal/kg. 

Bitumens,  just  as  many  other  polymers,  are  thermoplastic  and  are  easily 
softened  at  a  tempi- r  *  ire  of  50-70°C;  in  the  softened  state,  they  are  easily  mixed 
with  oxidizers  and  can  take  them  up  to  by  weight;  at  low  temperatures,  they  are 
brlttli  vitreous  matt r ' a  Is;  they  are  chemically  stable  to  the  action  oxygen,  air, 
and  s.  a  water;  they  are  very  inexpensive  and  are  widely  employed  in  building 
technology.  In  the  pres.  •  jf  a  good  oxidizer  (with  a  large  reserve  of  free 
oxygen)  bitumen  can  r.rovl  i  a  propellant  with  a  very  large  reserve  of  energy. 

A  serious  deficl* ncy  uf  !  Uumens  as  binders  is  their  low  mtchanical  strength 
at  low  (brittleness)  and  high  (fluidity)  temperatures;  upon  mixing  with  rubbers 


are  obtained  artificially.  They  are  a  class  of 
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(rubberized  bitumens)  their  mechanical  properties  can  be  improved. 

The  process  of  manufacturing  grains  from  hybrid  pr^oe Hants  d<.  pends  on  the 
nature  and  properties  of  the  fuel  binders  and  can  be  set  up  according  to  two  plans 
(Pig.  4): 

a)  for  thermoplastic  (Pig.  4a)  fuel  binder  (bitumen  type); 

o!  for  polymerized  and  solidified  (Pig.  4b)  monomers  (co '.yurt thane  and  other 
rubbers) , 

Prepared  oxidizers  (they  are  pulverized  to  specified  dimensions)  and  fuel 
binds  ur*  mixed  in  special  mixers  1  that  have  Z-chaped  mixing  rods. 


Fig.  4.  Fundamental  diagram  of  the 
production  of  hybrid  propellants:  1  — 
mixers  with  Z-shaped  mixing  rods;  2  - 
container  for  transporting  propellant 
mass;  3  -  engine  chamber;  4  -  cooling 
of  .  rigine  with  molding  rods;  5  - 
prop'  ilant  solidification  directly  in 
'  rigine  with  heating;  6  -  machining;  7  - 
quality  control. 


On  the  diagram  in  Fig.  4a  mixing 
occurs  with  the  mixer  preheated,  and 
in  Pig.  4b,  cold  water  can  be  fed  to 
the  mixer  to  delay  the  pen’^ss  of 
p lvmerization. 

Aftex  mixing  the  fuel  binder  and 
oxidizer,  the  propellant  mass  is 
transferred  to  a  container  2,  from 
which  under  air  pressure,  by  means  of 
pumps  or  under  slight  pressure  of 
presses,  it  is  poured  into  molds  or 
directly  into  the  engine  3.  If  it  is 
transferred  directly  to  the  engine,  its 
internal  walls  are  first  lined  with 
special  putty  to  which  the  propellant 
durably  adheres.  A  central  molding  rod 
is  inserted  into  both  the  mold  and  the 
engine  to  format  the  internal  burning 
surface  of  the  grain. 

On  the  diagram  in  Fig.  4a,  the  grain 
is  solidified  by  cooling  4,  and  in 
Pig.  4b,  by  heating  5  to  a  temperature 
of  60-80°C  for  20-70  hours.  During 


that  time,  the  liquid  monomer  is  polymerized  into  a  soil!  polymer. 

The  final  operations  consist  in  facing  6,  trimming  the  excess  propellant  mass. 
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and  quality  control  7  of  grain  uniformity  with  aid  of  flaw  detectors. 

air  babbles  are  removed  from  the  propellant  by  creating  a  vacuum  in  the  mixers 
and  engine  chambers  during  loading. 

The  operations  of  mixing  and  loading  are  dangerous  in  the  sense  of  fire  and 
explosion.  They  are  controlled  from  behind  thick  partitions  and  at  a  distance. 

The  production  ol  hybrid  propellants  is  considerably  simpler  than  that  of 
nitrocellulose  ones  and  this  is  one  of  their  advantages. 

§  5.  TVpes  of  Propellant  Charges 

Dolid  rocket  propellants  in  rocket  engines  are  used  in  the  form  of  charges, 
l.o.,  products  of  a  specific  geometric  shape.  Cnarges  can  be  made  from  identical 
r laments  or  one  similar  in  shape,  i.e.,  grains,  and  are  also  made  in  the  shape 
of  individual  articles  of  complex  configuration. 

Propellant  charges  can  be  freely  inserted  into  the 
engine  chamber  or  attached  to  the  chamber. 

The  basic  parameters  of  any  charge  are  the  thickness 
of  the  burning  section  (web)  and  the  size  of  the  initial 
and  linal  burning  areas. 

The  thickness  of  the  burning  web  depends  on  the 
configuration  of  the  charge  and  is  determined  by  the 
direction  of  burning,  which  occurs  in  parallel  layers  in 
propellants.  It  determines  the  time  of  constant  engine 
performance. 

Figure  5  shows  the  thicknesses  of  burning  sections 
for  a  so-called  telescopic  charge  which  consists  of  a 
tubular  grain,  inside  which  a  cylindrical  rod  is  inserted. 

In  the  telescopic  charge  the  central  cylinder  (grain)  burns  over  the  entire 

surface,  while  the  .  <•  rnal  one  burns  only  over  the  intex'nal  surface. 

_  ! 

In  a  correctly  designed  charge  21 ^  this  ensures  simultaneous  combustion 

of  the  entire  charge. 

Depending  upon  what  part  of  the  initial  surface  of  the  charge  starts  to  burn 
upon  ignition,  propella;,'  ■  rges  of  fuels  are  subdivided  into  two  types: 

j)  with  unrestrieteu  burning  (distributed  burning); 

b)  with  a  restricted  turning  surface  (restricted  burning). 


Dig.  i>.  ThJ  Knees 
of  burning  sections 
of  a  telescopic 
charge :  — 

thickness  of  burning 
section  (wet)  of 
central  cylinder; 

I 

-  thickness  of 

burning  section  (web) 
of  external  cylinder. 
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Figure  6  shows  the  burning  of  a  propellant  charg- 
in  the  form  of  an  exposed  eyHr  grain  (Fig.  c •  ) 
which  burns  from  all  surfaces,  and  the  same  chart. i  , 
but  with  a  closed  external  surface  (coated  al<" 
external  surface)  which  burns  only  are,...  •  c.«  .  rnal 

perforatior  and  from  the  ends  (Fig.  6b). 

Depending  upon  how  the  burning  surface  chang*  s 
during  engine  operation,  we  distinguish  one  following 
enarges : 

a)  with  a  constant  burning  surface; 

b)  witu  an  increasing  burning  surf ay  ( progress iv 
b  n rning) ; 

c)  x.I*h  a  decreasing  burning  surface  [  regressive 
burning) ; 

d)  with  burning  suri^  e  according  to  a  specified 
program. 

A  change  of  the  burning  surface  shows  up  in  a  change  of  engine  pressure  and 
thrust.  A  constant  burning  surface  will  also  correspond  to  constant  engine  thrust, 
while  a  decreasing  burning  surface  will  correspond  to  decreasing  thrust,  and 
conversely.  Figure  7  shows  cross  sections  of  different  charges,  and  the  graphs 
illustrate  the  change  in  engine  thrust  during  the  time  of  charge  burning  which 
corresponds  to  them. 

The  most  popular  shapes  of  charges  made  from  nitrocellulose  propellants  are 

i 

charges  of  type  a,  a  ,  f,  and  g.  Shapes  b,  e,  and  g  are  characteristic  for 
hybrid  prone  Hants.  These  charge  shapes  ensure  constancy  of  the  burning  surface. 

The  charge  with  the  star  perforation  is  convenient  because  the  engine  wall 
during  ''ropellant  burning  is  protected  from  the  influence  of  hot  gases.  The 
Jefi- i>  t.'.itu  of  this  type  of  charge  shape  include  the  propellant  particles  that 
remain  after  combustion  of  the  main  portion  of  the  charge  which,  while  burning  at 
low  pressures  in  the  chamber,  lead  to  a  lowering  of  specific  thrust. 

The  appearance  of  designs  for  powerful  and  superpowerful  solid-propellant 
engines  that  are  capable  of  developing  a  thrust  up  to  thousands  of  tons  and 
contains  charges  weighing  up  to  hundreds  of  tons  place  a  number  of  complicated 
problems  before  the  propellant  specialists.  The  fact  is  that  the  manufacture  of  a 


Fig.  6.  Burning  of  a 
propellant  charge:  a) 
burning  over  the  entire 
surface  (distributed 
burning);  b)  burning 
only  around  the  internal 
perforation  and  from 
tv.<  tna  \  restricted 
burning) . 
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Q.  Ci 


lai'ge-sise  charge,  its  transportation 
and  utilization,  involve  large 
difficulties. 

In  the  United  States  there  have 
appeared  projects  for  the  manufacture 
of  charges  directly  at  the  launch 
site  by  means  of  loading  the  raw 
propellant  mass  into  the  engine 
followed  by  its  solidification.  It 
has  also  been  proposed  to  make  the 
charge  in  separate  sections  and 
assemble  it  at  the  launch  site. 

It  has  been  suggested  that 
large  engines  be  assembled  from 
separate  finished  sections,  as  shown 
in  Fig.  8. 

The  designations  of  propellants 


Fig.  7.  Types  of  charges  and  character  of 
change  of  engine  thrust  P  in  time:  a  and 
■>')  unrestricted  burning  with  constant 
surface;  b)  > nd  turning;  b')  telescopic 
charge;  c)  turning  :1th  increasing  surface; 
i)  burning  ;-.ith  decreasing  surface;  e) 
interna L  star- surface  burning;  f)  external 
cruel  form-surface  burr  ing;  g)  sLotted- 
groovt  charge;  h)  charge  with  internal 
ham  d  surface  and  two  nrop< Hants  which 
if faring  in  burning  rati  :  slow-burning 
internal  and  fast -burning  external. 


and  charges,  and  also  their  names, 
have  not  yet  been  firmly  established; 
therefore,  it  is  possible  to  encounter 
the  most  diverse  designations. 

If  propellants  are  designated 
by  the  letter  H  (for  domestic 
propellants)  and  the  letters  P  and  E 


( l'or  U.S.  propellants) ,  thej  indicate  a  nitrocellulose  nitroglycerine  propellant. 


£!.  xt  to  the  fi'-st  letter  there  can  also  be  other  letters  and  numbers  which 


de-. ;g«v,!.  ti nature  of  the  additional  or  special  substances  introduced  into  the 
basic  •otnposit ton  ot  .ropellant.  Numbers  and  additional  letters  that  follow 

tht  designation  of  the  *  t uiv  of  the  propellant  may  signify  the  variety  of  the 
i  I'-.  n  prop*  ]  lant . 

In  the  United  States,  :  •’-pel ] ants  for  boosters  are  designated  by  the  following 
symbols  according  to  th<  1.  *.  i  ure  and  physical  state: 

l\  —  bit  umen  +  1  ■  aCe  ; 

R  —  si  h,  ri'ai  or  •  rurml-i  order  of  the  ballistlte  type; 
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Fit .  e.  Design  of  a  large  SPSS 
cousin1 i' g  of  various  sections. 


C  -  solid  hybrid  propellant  v>>  a 
pic rate  or  hitrote  base; 

D  —  nitrocellulose  propellant  obt .tim'd 
by  pressure; 

E  -  nitrocellulose  prop.  .  ium  o'  ain  d 
by  extrusion  (pressing  from  a  device  simile / 
to  a  meat-grinder); 

K  —  cast  solid  propellant  on  a  perchlorate  base  which  is  different  from  the 
bit  until ‘Oita  type; 

N  —  nitrates  or  nitro  compound  : hat  differ  from  cellulose  nitrates  and 
nitroglycerin; 

P  —  plastic  composition  that  can  be  shaped  easily  by  the  application  of 
small  loads; 

S  —  solid,  difficult  to  shape,  propellant. 

The  general  designation  of  a  booster  denotes  the  ( sopellants  only  by  letters. 
For  Instance,  JATO  15KS-1000  designates: 

JATO  —  the  name  of  the  booster; 

15  —  its  operating  time  in  seconds; 

1000  —  thrust  in  pounds  (^53  kg); 

KS  -  solid  perchlorate  propellant  obtained  by  casting. 

With  respect  to  the  nature  of  the  oxidizer,  propellants  in  the  United  States 
are  designated  in  the  following  manner: 

SPP  —  potassium  perchlorate  propellant; 

SPIJ(AN)  —  ammonium  nitrate  propellant; 

AP  —  ammonium  perchlorate  propellant. 

Finished  charges  of  solid  propellant,  as  a  rule,  satisfy  the  majority  of 
requirements  which  are  presented  to  them. 

i'l  the  same  time,  the  nature  of  all  solid  propellants  to  a  certain  extent 
make  them  unstable  systems  and  comparatively  sensitive  to  a  change  of  external 
condJ  t ions , 

he  liable  and  unfailing  (SPRE)  ( P.QTT)  operation  is  possible  only  under  the 
condition  of  the  careful  adherence  to  the  rules  of  maintenance  and  storage  of 
charges.  The  rules  for  the  storage  and  handling  of  charges  are  set  up  on  the  basi 
of  the  operational  properties  of  the  propellants. 
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CHAPTER  III 


OPERATIONAL  PROPERTIES  OF  PROPELLANTS 

The  operational  properties  of  propellants  are  determined  by  their  chemical, 
nnysieal,  and  mechanical  properties. 

Solid  propellants  are  not  used  immediately  for  launching  rockets,  and  are 
frequently  stored  for  a  long  time  in  warehouses  and  in  troop  areas. 

During  storage,  propellants  are  subject  to  cooling  (in  the  winter)  as  well  as 
heating  (especially  in  hot  areas  and  in  enclosed  places);  in  addition,  they  can 
heat  up  intensely  during  the  day  and  cool  off  at  night,  be  subject  to  the  action  of 
moisture,  high  temperature,  and  sunlight.  All  this  affects  the  physical  and 
i-lv  micol  properties  of  the  propellants  and  can  alter  them  to  some  extent. 

It  is  necessary  also  to  know  how  to  handle  propellants  during  engine  assembly 
•>nu  disassembly,  overloads,  and  transporation,  i.e.,  in  the  process  of  their 
ut  ili'-at  Ion. 

§  6.  Physical  Properties 

Appearance .  The  appearance  of  a  solid  propellant  charge  resembles  a  dense 
■trllclt  of  chiefly  dark  colors. 

The  color  of  ten.  a  solid  propellant  is  determined  by  the  nature  of  its 
parent  substances  and  additives. 

Type  H  nitrocellulose  propellants  usually  have  a  dark-brown  color  and  their 
appearance  is  similar  to  a  ^orniculate  substance.  If  carbon  black  is  added  to 
this  typo  of  propellant,  If  takes  on  a  black  color. 

Th<  color  of  hy  • ‘ .  lid  propellants  depends  on  the  fuel  binder:  bituminous 
black;  polyurethane  —  black-gray. 
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In  distinction  from  nitrocellulose  propellants,  for  instance,  pcljui~th-.su- 
and  thiocol  hybrid  propellants  are  similar  to  strong  ,  vulcanized  tubber,  but  an 
loss  elastic  and  more  brittle. 

It  should  be  borne  in  mind  that  it  is  difficult  to  evaluate  solid  pr< 
on  the  basis  of  appearance  alone.  However,  external  inspection  of  .  <•«*;*-■-  _  . 
nec tss-.uy  since  it  permits  the  detection  of  possible  rejects  uni  surface  defects 
of  th*  charge. 

The  density  of  propellants  is  a  critical  characteristic  and  always  is  checked 
during  oiopellant  production. 

Low  propellant  density  indicates  that  there  are  pores  and  vans  in  the 
propellant,  which  are  impermissible  for  high-quality  propellant  charges.  Low 
density,  also  affects  the  burning  rate  of  the  propellant:  with  the  decrees*  of 
density,  it  increases,  and  conversely. 

The  density  of  solid  propellants  is  dete* ' ^d  by  the  density  of  their 
components  and  the  production  method.  It  has  following  value  for  high-quality 
propellents: 

For  regular  nitrocellulose  propellants  without  additives  .  1.58-1.6  g/cm^ 

For  nitrocellulose  propellants  with  mineral-oxidizer 

and  metal  additives  .  1,6-1. 7  g/cnr' 


For  hybrid  propellants  based  on  various  oxidizers, 
including  propellants  which  contain  aluminum  .  , 


1.7-1. 9  g/cm-' 


The  density  of  hybrid  propellants  is  somewhat  more  than  that  of  nitrocellulose 
ones,  which  is  one  of  their  advantages,  since  the  greater  the  density  the  higher 
the  effectiveness  of  the  propellants. 

The  thermo-physical  characteristics  of  propellants,  i.e.,  the  coefficients  of 
linear  a  ana  volume  p  thermal  expansion  -  give  an  idea  of  what  changes  in  length 
and  volume  of  the  propellant,  charge  can  occur  when  its  temperature  is  changed. 

The  conditions  of  attaching  charges  to  engines,  the  size  of  the  clearances, 
and  the  requirements  for  the  strength  characteristics  of  charges  that  are  attached 
to  the  engine  chamber  depend  on  the  change  of  the  geometric  dimensions  of  the 
charges  with  the  change  of  temperature. 

In  the  temperature  range  from  -40  to  +iIO°C,  the  thermo-physical  characteristic 
of  propellants  have  the  following  values: 

-  for  nitrocellulose  propellants,  a  =  (i. 2-2,0) -10'^  and  p  =  0,3-10~J  1/°K; 
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—  for  hybrid  propellants,  a  =  (0.5-1. 5) *10"^  and  3  =  (0. 3- 0. ll) *10"^  1/°K. 

The  values  of  a  and  3  are  close  for  various  propellants,  but  they  are  7-10 
times  greater  than  those  of  steel.  'he  difference  in  the  values  of  a  and  3  for 
propellants  and  for  steel  complicates  ;he  conditions  of  attaching  a  propellant 
charge  directly  to  the  steel  wall  of  an  engine  chamber. 

The  t n-  rmc-physical  characteristics  also  include  the  specific  heat  c^,  the 
heat-conductivity  factor  A,  and  thermal  diffusivity  a. 

These  quantities  characterize  the  ability  of  propellants  to  perceive  heat 
under  the  Influence  of  temperature  (c  )  and  conduct  (diffuse)  it  throughout  the 
thickness  of  the  propellant  (X  and  a).  They  are  used  in  theoretical  calculations 
of  thermal  stresses  of  charges  that  are  attach  to  engine  chambers  and  burning 
rotes  of  propellants  in  engines.  The  numerical  values  of  the  thermo-physical 
characteristics  are  given  ir  Table  5. 

ful  !e  5.  Mechanical  and  Thermo-Physical  Properties  of  Solid  Rocket  Propellants 
and  Steel 


Characteristic 

'  Resig¬ 
nation 

Dimension 

Nitrocellulose 

propellants 

Hybrid 

propellants 

Steel 

Pensile  strength 

d 

P 

p 

kg/mm 

1 

0.09 

118-60 

Coefficient  of  linear 
thermal  expansion 

a 

1 

deg 

(1 . 2-2.0)  10_i| 

(0.5-1. 5)  10_ij 

Specific  heat 

kcal 

0.35 

0.30 

0,11 

' 

kg> deg 

Heat -conducitivil  y 

\ 

kcal 

(O.50-O.53)  10"6 

(0.7-0.75)  10"6 

1.1*10-J 

cm*  sec  *deg 

Thermal  diffusivity 

a 

cm^ 

sec 

0.215-10"^ 

o.jo-io'1* 

0.31*10' 

Specific  gravity 

7 

ern^ 

1.58-1.7 

1.7-1. 9 

7.8 

a  change  in  tin  physical  properties  of  propellants  during  storage  occurs  under 
Mu  influence  of  a  change  in  external  temperature,  moisture,  and  time. 

The  ability  of  propellants  to  resist  to  changes  of  physical  properties  in  time 
is  called  physical  stability. 

When  there  are  cons]  '  ••  Me  changes  in  temperature,  physical  instability  of 
solid  rocket  propellants  .  u  be  noted  as  a  disturbance  in  continuity  of  the  charges 
-net  th>.  appearance  of  ruc<;s  (Fig.  9).  This  form  of  physical  instability  to  a  larg< 
degree  is  characteristic  for  large,  thick-web  charges  and  charges  that  are  attached 
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to  the  engine  chamber.  In  the  hjt  case  the 
appearance  of  cracks  is  caused  by  the  ap;  earin'-, 
of  temperaturi  stresses  due  to  the  various 
coefficients  of  linear  expansion  cf  f 
propellant  and  the  material  o  mi  *  Lne  wall. 

Charges  in  which  cracks  are  formed  or 
discon tim; 5 ti's  appear  are  unconditionally 
unsuitable  for  use  and  must  be  replaced.  The 
formation  of  c^cks  can  be  established  by  a 
special  flaw  detector. 

Another  form  of  physical  instability  of  solid  .'"ooellants  is  the  tendency  of 
individual  component  parts  of  the  propellant  to  be  separated  on  the  surface  of  the 
charges  and  to  volatilize. 

Volatilization  of  propellant  components  sl-'.ngly  increases  at  high  temperatures 
Nitroglycerin  from  nitrocellulose  propellants  is  very  strongly  volatilized.  Thus, 
at  50°c  after  2b  hours  of  storage,  about  0.1#  nitroglycerin  is  volatilized  from 
the  propellant,  and  up  to  1.5#  after  500  hours. 

Volatilization  of  the  component  parts  of  a  solid  propellant  is  an  extremely 
undesirable  phenomenon  since  the  propellant  composition  then  changes,  the 
continuity  of  the  charges  can  be  disturbed,  and  the  energy  characteristics  can  be 
towered. 

Hybrid  propellants  do  not  have  volatile  components  and  therefore  they  are  not 
dangerous  at  temperatures  up  to  100°C. 

Physical  instability  of  hybrid  propellants  can  appear  in  the  form  of  continuing 
polymerization  of  monomers,  and  then  aging  of  polymers  in  the  process  of  storage. 

Polymer  aging  appears  as  a  disturbance  in  the  continuity,  strength,  ana  the 
structure  of  the  charge. 

The  influence  of  moisture  is  related  to  the  hygroscopicity  of  propellants,  i.<. . 
to  property  of  absorbing  and  retaining  a  certain  quantity  of  moisture. 

Th'  hygroscopic ity  of  nitrocellulose  propellants  is  relatively  low.  Certain 
hybrid  propellants  are  more  hygroscopic.  Intense  moistening  of  hybrid  propellants 
is  impermissible  since  it  can  lead  to  the  partial  dissolution  of  t) e  oxidizer  and 
thereby  change  the  composition  of  the  propellant. 

Charges  are  protected  from  the  influence  of  moisture  by  placing  them  In  a 
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Fit',  y.  Cracks  in  propellant 
charges,  a)  longitudinal  c racks; 
b)  crack  in  the  most  stressed 
places  and  breaking  away  from 
the  wall  of  a  charge  attached 
to  a  chamber. 
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i,-*'.  rti^ht  seal  and  by  hermetically  sealing  the  engines.  The  airtightness  of  the 
■;»  j i  -md  engines  should  not  be  disturbed;  but  if  it  is  disturbed,  it  is  necessary 
to  correct  the  damage. 

Physical  stability,  volatility  of  components,  and  hygroscopicity  of  propellants 
a iv  evaluated  according  to  the  results  of  tests  conducted  on  them  in  laboratories 
and  on  th>  basis  of  the  results  of  long-term  storage. 

Crocks  In  charges  are  determined  visually  or  with  special  instruments.  The 
volatility  of  components  is  estimated  by  the  decrease  in  weight  of  a  propellant 
sample  while  It  is  at  a  high  temperature  (50,  75,  and  95°C).  Hygroscopicity  is 
determined  according  to  the  increase  in  weight  of  a  propellant  sample  while  it 
Is  in  an  atmosphere  with  high  humidity,  and  sometimes  simultaneously  at  a  high 
t-'mperature. 

The  tests  are  accelerated  by  creating  more  rigid  conditions  than  those  in 
which  the  propellants  will  be  stored  in  warehouses  and  troop  areas. 

§  7.  Chemical  Properties 

The  chemical  properties  of  propellants  imply  their  interaction  with  the 
material  of  the  engine  walls,  toxic  properties  (toxicity),  and  the  ability  of 
propellants  to  retain  the  invariability  of  their  chemical  composition  in  the 
process  of  prolonged  storage. 

The  ability  of  propellants  to  keep  their  chemical  composition  constant  in 
the  process  of  prolonged  storage  is  called  their  chemical  stability.  Chemical 
stability,  as  a  rule,  determines  their  service  life. 

As  for  their  agressiveness  towards  structural  mateiials  and  their  toxic 
influence  on  the  human  organism,  solid  propellants  are  practically  safe.  When 
stored  under  normal  conditions,  they  do  not  give  off  aggressive  substances  and 
do  not  interact  with  the  materials  of  the  engine  wall. 

■"it ivceliu lose  ■  •'^neilants,  due  to  the  volatility  of  nitroglycerin,  can 
■aust  brief,  not  very  severe,  headaches,  which  occur  when  handling  propellants 
constantly.  This  inf l1'  nee  of  nitroglycerin  on  the  human  organism  is  not  dangerous. 

Chemical  stability  of  propellants  is  related  to  those  slow  spontaneous  processes 
of  decomposition  which  c. .  '.islde  the  propellant  and  are  very  expressed  for 
nitrocellulose  propellant: . 

Cellulose  nifrvt.  and  t  1 1 roglycer In,  as  unstable  chemical  compounds  in  the 
.  ocess  uf  storage  and  under  the  influence  of  high  temperatures  and  a  small 
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quantity  of  moisture,  are  able  to  disintegrate  comp** rat*  ly  slowly  .lUi  tlu 
detachment  of  the  ONOg  group.  In  turn,  the  OtlO,,  group,  which  is  an  active 
oxidise r,  enters  chemical  reactions  with  the  nit) ©cellulose  radicals  witi  th. 
liberation  of  water,  low  nitrogen  oxides,  and  other  intermediate  prc1  '  . 

The  nitrogen  acids  and  oxides  that  are  formed  are  able  ;uv  t .  «■  .tv  tne 
process  and  thereby  cause  self-accelerated  decomposition  c  the  propellants.  ilnt 
only  are  reaction  products  released  during  decern,.  ^sition,  but  also  heat.  If 
decomposition  is  not  retarded,  the  propellant  can  self -ignite . 

The  process  of  chemical  uuui position  of  propellants  is  retarded  by  eh  mieal 
stabilizers.  Upon  uttering  chemical  compounds  with  nitrogen  oxIj  ,  i»K.y  restrict 
the  process  of  decomposition  and  do  not  let  it  deveio,  '  'r  its  own  acce It  ration. 

In  this  case,  naturally,  the  eh  mica*  stabilizer  is  expended;  therefore,  or  of 
methods  of  evaluating  chemical  stability  ee  to  determine  the  re rrr<  ’  .  amount  of 
the  statilizcr. 

Decomposition  of  nitrocellulose  propellants  in  the  presence  of  a  chemical 
stabilizer  occurs  so  slowly  that  the  serviceability  of  the  propellants  is  retained 
for  15-20  years. 

Chemical  stability  of  nitrocellulose  propellants  is  checked  regularly  in 
special  chemical  laboratories. 

Inasmuch  as  the  process  of  propellant  decomposition  under  normal  conditions 
occurs  very  slowly,  control  samples  of  propellants  are  tested  at  high  temperature.', 
l‘cr  a  long  period  of  time.  Stability  is  checked,  for  instance,  by  the  reddening 
of  blue  Litmus  paper  (it  turns  red  due  to  the  influence  of  acids  on  it). 

Chemical  stability  is  estimated  according  to  the  total  number  of  test  hours 
in  ten  days  under  the  condition  that  every  day  the  samples  are  heat  for  no  Longer 
than  seven  hours.  Each  propellant  has  its  own  norms  o"  stability  hours. 

A-,  a  rule,  the  more  nitroglycerin  in  a  nitrocellulose  propellant,  the  greater 
the  reserve  of  energy  in  it,  and  the  lower  its  chemical  stability.  This  is  an 
essential  deficiency  of  propellants  witn  a  large  content  of  nitroglycerin  and  it 
limit?  their  use  and  manufacture. 

The  chemical  stability  of  hybrid  propellants  is  different. 

Polymer  compounds  of  hybrid  propellants  can  interact  with  atmooph<  rie  oxygen 
and  be  destroyed  (age).  The  various  intermediate  reaction  products  can  react 
simultaneously  with  the  oxidizer  and  thereby  lower  the  chemical  stability  of  the 
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propellant.  The  chemical  stability  of  hybrid  propellants  has  not  yet  been  studied 
sufficiently. 

Despite  the  fact  that  solii  locKet  propellants  are  chemically  unstable  syster. 
under  normal  conditions  of  storage  they  are  not  destroyed  for  a  long  time  and  do 
not  cause  difficulties  in  utilization. 

§  8.  Mechanical  Properties 

Solid  propellant  charges  are  subjected  to  the  influence  of  various  kinds  of 
overloads  during  the  operation  and  launching  of  rockets.  These  overloads  can  be 
from  several  units  to  hundreds  of  terrestrial  accelerations  and  cause  stresses 
thi  propellents,  which  they  are  not  always  able  to  sustain. 

Overloads  during  rocket  launching  appear  due  to  the  fact  that  the  engine 
thrust  is  greater  than  the  rocket's  weight.  Under  the  action  of  thrust,  a  rocket 
obtains  an  acceleration  a  that  is  many  times  greater  than  the  acceleration  of 
ti  rrestrial  gravity  g  and  directed  in  an  opposite  direction.  As  a  result,  the 
rocket  on  the  whole  and  the  instruments  and  propellant  on  board  become  "heavier," 
depending  on  how  much  greater  the  rocket's  acceleration  is  than  acceleration  due 
to  terrestrial  gravity  g.  The  relationship  a/g  also  will  be  an  overload. 

During  the  transportation  of  assembled  rockets  and  containers  with  finished 
engines,  the  ovei K ,  is  can  reach  10  units. 

For  charges  that  are  attached  to  the  engine  chamber,  there  are  additional 
thermal  stresses  which  are  caused  by  the  difference  in  values  of  the  temperature 
expansion  coefficients  of  the  propellant  and  the  material  of  the  engine  chamber. 

One  of  the  conditions  of  high  reliability  of  the  action  of  [SPRE1  (F&TT) 
the  solid  propellant  charge  keeping  its  given  shape  and  continuity,  and  the  absence 
of  breakdowns  during  the  time  of  its  complete  combustion  in  the  engine.  Disturbance 
of  the  geometric  shape  of  a  charge  can  lead  t.r>  the  fact  that  the  bypass  sections 
-or  the  combustion  is  will  overlap  (Fig.  10).  A  consequence  of  this,  as 

■j  rule,  is  unstable  engine  operation,  which  frequently  causes  its  destruction. 

Desl ruction  of  a  ci ,  trge  of  solid  propellant  in  the  beginning  and  at  the  end 
of  burning  also  leads  to  a  disturbance  in  normal  engine  operation  and  even  can 
cause  It  to  malfunction . 

In  turbojet  mls-1'  .  nom  speed  in  flight  reaches  20,000  rpm,  solid 
>rop<  II  ant  charges  can  be  destroy*  d  under  the  action  of  centrifugal  forces  at  the 
time  win  n  tin  larger  part  of  the  thickness  of  the  burning  web  is  burning. 
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In  order  to  elim*.  te  abnormal  ngine  ore i at Xoi 
due  to  the  indicated  causes,  solid  propellants 
must  possess  sufficiently  nigh  mechanic  i 

Fig.  10.  Distrubance  of  properties. 

geometric  shape  ol  charge  The  meChanical  properties  of  siaa  rocket 

du: lug  overloads.  r  r 

propellants  are  estimated  by  a  number  of 
characteristics.  The  most  important  ones  are:  tensile  strength,  compressive 
strength,  impact  (dynamic)  strength,  and  the  increase  in  length  of  a  propellant 
sample  as  a  result  of  extension. 

Compressive  and  tensile  strength  are  determined  for  static  (nuncn^riginc)  loads 

and  are  designated  by  ob  and  o  ,  respectively.  The  strength  of  solid  propellants 

is  20-100  times  less  than  that  uf  o*>* inary  steel  and  durable  aluminum  alloys. 

If,  for  instance,  ap  =  48-60  kg/mm^  for  ordinary  steel  and  ium  alloys 

(duralumin),  o  *  1  kg/mm2  for  nitrocellulose  propel*  ^ts,  and  o  =  0.09  kg/mm2 
P  P 

for  polybutadiene  hybrid  propellants. 

Impact  (dynamic)  strength  (e.g.,  flexural  strength)  is  estimated  by  the 
amount  of  work  that  occurs  per  square  centimeter  of  the  destroyed  section.  It  is 
called  impact  toughness  aR.  For  the  best  propellants,  this  magnitude  Is  no  more 
than  15-20  kg-cm/cm2. 

I'nit  elongation  characterizes  the  ability  of  propellants  to  be  deformed  by  the 
beginning  of  destruction.  Solid  propellants  possess  two  to  five  times  greater 
uriit  elongation  than  metals.  Most  propellants  have  an  elongation  to  40$  and,  for 
instance,  to  60$  for  a  polybutadiene  propellants. 

The  mechanical  properties  of  propellants  depend  on  the  temperature  and  rate 
of  application  of  the  load.  This  is  explained  by  the  fact  that  the  structural 
base  of  propellants  is  composed  of  polymers.  Most  polymer  materials  change  their 
mecharticaL  properties  when  the  temperature  changes. 

With  a  decrease  of  temperature  to  -50°C,  brittleness  Increases  (a^  decreases) 
four  or  five  times,  and  elongation  decreases  to  20$  for  nitrocellulose  propellants. 
At  the  same  time,  compressive  and  tensile  strength  increase  four  or  five  times. 

Nitrocellulose,  bituminous,  and  other  thermoplastic  propellants  are  softened 
at  high  temperatures  and  can,  in  general,  lose  any  strength. 

For  nitrocellulose  propellants  with  an  increase  of  temperature,  a  lowering 
of  ob  and  0  by  four  or  five  times,  an  increase  of  unit  elongation  to  50$  >  and 


*  t 

a  two-fold  increase  of  impact  toughness  are  characteristic. 

The  decrease  in  the  various  propellant  characteristics  with  the  change  of 
temperature  makes  it  n-  -essary  to  limit  the  positive  and  negative  temperatures 
at  which  charges  can  bo  normally  used.  For  instance,  the  upper  temperature  of 
storage  for  fuel  M-S  is  +50°C,  +6^°C  for  ALT-161,  and  +65°G  for  AP. 

§  9.  Sensitivity  of  Propellants  to  Various  Forms 
of  Initial  Impulse 

Solid  rocket  propellants  are  explosives  that  are  capable  of  chemical 
transformation  either  in  the  form  of  burning  or  in  the  form  of  an  explosion.  Under 
combat  conditions,  propellant  burning  is  accomplished. 

Under  normal  conditions  of  storage  and  utilization  of  propellants,  the  process 
of  burning  cannot  start  by  itself  since  it  requires  an  external  initial  impulse. 

During  the  production,  storage,  and  utilization  of  propellants,  the  external  initial 
impulse.  During  the  production,  storage,  and  utilization  of  propellants,  the 
external  initial  impulse  can  be  expressed  in  the  form  of  a  shock,  friction,  or  the 
influence  of  heat. 

Independently  of  the  form  of  the  Initial  impulse,  its  magnitude  always  can  be 
equal  to  the  minimum  energy  which  is  necessary  in  order  to  cause  intense 
transformation  of  the  propellant  into  combustion  products.  The  magnitude  of  this 
energy,  expressed  in  various  units,  also  will  determine  the  sensitivity  of 
propellants  to  various  forms  of  initial  impulse. 

The  sensitivity  of  propellants  to  an  external  initial  impulse  determines  the 
degree  of  thtir  safety  during  production  and  utilization,  and  the  reliability  of 
their  use  in  engine.  The  sensitivity  of  propellants  to  shocks  usually  is  estimated 
by  the  frequency  of  explosions  (in  percents)  under  specific  test  conditions.  For 
instance,  a  10  kg  weight  is  dropped  onto  a  propellant  mass  from  a  height  of  29  cm. 

Impact  sensitiv' ty  depends  on  many  factors:  character,  composition,  and 
others.  For  nitrocellulose  propellants,  it  increases  with  the  increase  of  the 
nitroglycerin  content,  f he  presence  of  solid  impurities,  and  at  high  and  low 
temperatures.  The  Impact  s> nsitivity  of  certain  solid  propellants  is  a  few  times 
greater  than  that  of  an  <  Ivt*  such  as  trotyl  (tollte).  High-energy  propellants 

are  especially  sensitive  -o  impact.  The  handling  of  propellant  charges  and  assembbd 
tigines  should  be  orderly,  tt  .  y  should  not  be  dropped,  and  sharp  impacts  should 
be  avoided. 
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Propellants  also  are  sensitive  to  friction.  Stron-  .lotion  w  !■»  occur  ruring 
assembly  and  disassembly  of  charges  in  an  engine  during  the  application  of  iur;;< 
forces.  Propellants  ignite  and  burn  without  explosion  due  to  friction. 

Of  the  destructive  factors  of  an  atomic  explosion,  the  shock  w?.v<  <  ■  t  l 

flash  are  dangerous  to  solid  propellant  charges;  they  are  capabit  ci  1.  Hang 
open  propellant  charges  at  comparatively  long  distances  tea  cue  epic.  nt>  r  of  In. 
explosion. 

the  sensitivity  of  propellants  to  a  thermal  impulse  is  estiamted  by  the 
temperature  of  self-ignition.  IW  temperature  of  self -ignition  of  propellants 
depends  on  the  nature  of  the  propellant,  v..  -  ^ate  of  heating,  ana  lme  of 

holding  the  propellant  at  a  given  temperature.  When  J.  rate  of  heating  is  30lJC 
per  minute,  the  temperature  oi  U -ignition  for  nitrocellulose  propellant-  is  equal 
to  200-230°C ,  and  about  300~340°C  for  hy^iii  propellants.  Under  ee  ary  conditions 
of  propellant  utilization,  such  high  temperature  cc  not  occur.  However,  a 
temperature  close  to  200°C  can  appear  during  long-term  flights  of  rocket-type 
flight  vehicles.  In  this  case,  propellants  that  are  utilized  either  in  the  i'cm  of 
primary  charges  or  in  auxiliary  devices  'an  be  heated  to  high  temperatures. 
Propellants  with  high  thermal  resistance  are  employed  in  such  vehicles. 

Solid  rocket  propel1 ants,  with  regard  to  their  physical  and  chemical  properties, 
arc  comparatively  stablt  to  the  vaious  external  ..nfluence  by  the  chamical  energy 
sources  of  rocket  motion.  Their  handling  is  comparatively  simple  and  does  not 
require  any  special  measures  or  particular  conditions.  However,  only  their  proper 
utilisation  and  timely  quality  control  can  ensure  their  reliable  and  effective  use 
in  engines. 
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CHAPTER  IV 


BURNING  OF  SOLID  ROCKET  PROPELLANTS 
§  10.  Ignition  of  Propellants 

The  chemical  energy  which  a  rocket  propellant  possesses  is  converted  into 
thermal  energy  when  it  burns,  '"he  perfection  of  the  transformation  of  chemical 
energy  into  the  thermal  energy  of  the  combustion  products  depends  on  the  organization 
of  the  burning. 

Burning  of  solid  propellants  begins  with  their  ignition  by  a  special  Igniter 
(Fig.  il).  The  role  of  the  igniter  consists  in  heating  the  surface  layers  of  the 
propellant  to  a  temperature  at  which  there  begins  an  intense  chemical  transformation 
of  the  propellant,  and  in  simultaneously  creating  the  pressure  that  is  necessary 
for  normal  burning  of  the  charge.  Igniters  frequently  employ  black  powder  or  a 
•ri'  tal-oxidizer  mixture  (e.g.,  aluminum  or  magnesium  and  potassium  perchlorate). 

The  solid  metal  oxides  that  are  formed  as  a  result  of  burning  promote  the  best 
propellant  ignition.  The  igniter  usually  is  placed  in  the  bottom  portion  of  the 
engine  and  is  actuated  by  an  electric  squib. 

In  end-burning  engines,  the  igniter  is  mounted  at  the  nozzle. 

The  first  black  ,  .  ->■  r  was  a  mechanical  mixture  of  finely  pulverized  potassium 
nitrate  KNO^,  carbon,  and  sulfur,  and  was  used  in  this  form  for  fireworks,  igniting 
■ompositions,  and  primitive  rockets.  Then  they  learned  how  to  pack  it,  granulate 
It,  and  make  articles  from  it,  including  the  rocket  charges  which  were  still 
employed  in  the  Second  Worn,  '  ar. 

Contemporary  blaev  .  r  consists  of  75^  potassium  nitrate,  whx..:  serves  as 
no  oxidirer,  charcoal,  ana  10^  sulfur.  The  last  two  components  are  fuels, 
whilt  the  sulfur  is  also  a  binder  which  ensures  the  necessary  density  and  strength 
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of  the  black  powder. 


Fig.  11.  Igniter:  1  — 
electric*  squib;  2  — 
Incandescence  bridge 
with  inflammable  compo¬ 
sition;  3  —  aluminum  or 
jolastic  Igniter  case; 


Black  powder  is  manufactured  either  in  the  form  of 
grains  of  various  dimensions  (ordinary  granule*), 
the  form  of  small  articles  shaped  like  pri  ,*<s  1  * 

or  several  channels  and  cubes  (ge»_.,:eti  ja  } :  .t  is  dark- 
gray  and  its  specific  gravity  is  equal  to  1.50-1. (-5  g/cn/. 

Black  powder  as  m*y  sensitive  to  the  flame  and 
spark  which  appears  upon  Impact  with  metallic  objects 
and  t^refore  requires  especially  orderly  handling. 

Granular  black  powder  does  not  i  uniformly;  it 
hums  at  a  very  high  spe*.  '  "fe  high  pressures.  Black 


black  powder. 

powder  that  is  pressed  co  a  specific  gravity  of  1.8  g/cn? ,  even  at  large  pressures, 
burns  uniformly  in  parallel  layers. 

Up  to  47$  solid  and  53$  gaseous  products  ait  ><_  leased  when  black  powder  burns. 
585  kcal  cf  heat,  280  liter  of  gases,  and  680  g  of  solids  are  released  (per  kg  of 
powder).  Its  burning  temperature  Is  on  the  order  of  2000°C. 

Due  to  the  formation  of  a  large  quantity  of  heated  solid  particles,  black 
powder  has  a  good  igniting  ability  and  ensures  reliable  actuation  of  the  main  charges 
of  rockets  and  cannon-typed  artillery. 

The  v/elght  of  black  powder  for  an  igniter  is  selected  experimentally  in  order 
to  ensure  reliable  ignition  of  the  entire  surface  of  the  charge,  but.  not  to  cause 
its  destruction. 

The  response  time  of  the  entire  igniter  is  very  short  measured  in  hundredths 
of  a  second.  In  order  to  obtain  a  faster  growth  of  pressure,  the  nozzle  is  closed 
by  plug  (cover)  which  is  ejected  or  destroyed  upon  reaching  a  specified  pressure. 

The  ignition  of  a  charge  occurs  in  the  following  way.  Current  is  fed  from 
the  ground  power  source  to  the  bridge  of  the  electric  squib.  The  inflammable 
composition  inflames  and  lights  the  black  powder  of  the  electric  squib.  The 
combustion  products  that  are  formed  pierce  the  cover  of  the  igniter  and  ingite  the 
black  powder  which  is  located  there.  The  hot  gases  and  solid  particles  of  the 
burned-out  igniter  ignite  the  main  charge  of  solid  propellant. 

The  solid  propellant  charge  starts  to  burn  along  the  surface  in  parallel  Layers, 


releasing  a  large  quantity  of  gases  which,  in  passing  through  the  nozzle,  also 
create  engine  thrust.  In  distinction  from  ordinary  industrial  furnaces,  the  burning 


of  a  solid  propellant  in  an  engine  chamber 
occurs  under  very  tense  conditions. 

A  charge  of  solid  propellant  that  is 

rig.  U.  Motion  of  gas  flows  during  burninS  in  an  enEine  chamber  is  surrounded 
burning  of  a  charge  in  an  engine.  on  all  sides  by  gases  which  are  compressed 

to  a  high  pressure  and  heated  to  2500-3000°C.  The  formed  gases  move  along  the  charge 
at  high  speeds  (100-200  m/sec)  to  the  nozzle  (Fig.  12),  frequently  forming  counter 
flows.  These  gas  flows  render  a  strong  influence  on  propellant  burning,  which 
leads  to  abnormal  phenomena  in  some  instances. 

The  process  of  propellant  burning  in  an  engine  is  estimated  according  to  the 
•hange  of  pressure  during  the  time  of  charge  burning.  To  do  this,  when  the  charges 
and  engines  are  being  adjusted  and  tested,  an  electric  pressure  pickup  is  placed 
in  th°  combustion  chamber  and  its  readings  are  recorded  on  moving  photographic 
naptr  or  film  in  the  form  of  a  pressure-time  curve. 

The  normal  form  of  this  curve  is  shown  in  Fig.  13 .  The  section  0-a  on  the 
"urve  reflects  the  response  time  of  the  igniter;  section  a-b  indicates  the  burning 
time  of  the  main  charge,  and  section  b-c  characterizes  the  escape  time  of  the 
combustion  products  of  burning  afJ  ;r  burnout  of  the  charge. 


Fig.  13.  Change  of  pressure  in  engine 
during  propellant  burning. 


Propellant  burning  is  a  very 
complicated  physical  and  chemical 
process  of  the  rapid  transformation  of 
a  solid,  dense  substance  into  gases. 

The  rational  use  of  propellants 
and  control  of  the  process  which  occurs 
in  the  engine  requires  a  knowledge 


of  the  essence  of  the  burning  proctss. 


§  11 .  The  Burning  Mechanism 

The  burning  mechanism  of  nitrocellulose  propellants  has  been  studied  most 
fully  and  in  most  detail. 


During  burning,  the  solid  propellant  is  converted  into  gaseous  combustion 
products  duo  to  the  react.-..!  of  thermal  disintegration  and  subsequent  chemical 
reactions. 


The  heat  released  as  a  result  of  burning,  in  turn,  influences  the  still 
unburned  propellant  and  thereby  automatically  supports  the  reaction  of  thermal 


disintegration  and  then  the  chemical  reactions.  The  burning  of  solid  nr  ope  Hants 
occurs  both  in  solid  phase  (on  the  surface)  and  in  gas  phase  (in  the  volume). 

The  burning  temperature  always  increases,  beginning  with  the  initial  < rope < 
temperature  T0  to  the  highest  Dossible  temperature  under  the  given  eond*  4 
of  burning  Tmax. 

As  a  result  of  experimental  observations  of  the  burning  process,  it  was 
possible  to  establish  that  the  whole  process  c:  t«r.  ing  is  multistage  and  fully 
consecutive.  In  accordance  with  this,  the  entire  burning  region  is  conveniently 

separated  into  _  series  of  zones  (Fig.  14). 

burning  zones  which  onditionv tty 

divided  into  sv.  Hno,  are  characto  d  by 
the  following  processes. 

lore  Xc-Xjj  is  the  heatln?  Some  times 

it  is  calltu  i.h®  zone  under  the  burning  surfao  . 
In  this  zone  the  propellant  does  not  yet 
burn,  but  only  is  heated  from  the  initial 
temperature  T0  to  the  temperature  of  the  beginning  of  the  intense  chemical  reactions 
which  occurr  on  the  burning  surface. 

The  width  of  this  zone  (the  heating  depth)  depends  on  the  temperature  of  the 
surface,  density,  heat  capaci<y,  and  thermal  conduction  of  the  propellant,  and  also 
on  the  burning  rate.  The  greater  the  thermal  condition  of  the  propellant  and  the 
surface  temperature,  the  greater  the  depth  of  heating,  and  the  greater  the  burning 
rate  of  the  propellant  the  smaller  the  depth  of  heating.  The  value  of  this  zone  in 
the  burning  mechanism  is  essential  since  propellant  burning  under  unfavorable 
conditions  will  depend  on  how  much  heat  was  stored  In  the  heating  zone. 

Zone  Xjj-x,;  is  the  zone  of  thermal  disintegration  of  cellulose  nitrates  and 
nitroglycerin  and  intense  chemical  surface  reactions,  Due  to  heat  withdrawal  from 
the  flame  zone,  the  propellant  surface  melts,  and  the  cellulose  nitrates  start  to 
thermally  disintegrate  approximately  at  a  temperature  of  190-200°C  into  nitrog*  n 
oxides  and  intermediate  substances. 

nitroglycerin  decomposes  analogously. 

The  process  of  decomposition  of  cellulose  nitrates  and  nitroglycerin  occurs 
with  the  liberation  of  heat,  which  can  lead  to  partial  thermal  disintegration  of 
the  other  oi’ganic  substances  contained  in  the  propellant. 


Fig.  14.  Diagram  of  burning 
zones  for  nitrocellulose 
propellants. 
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The  free  nitrogen  oxides  that  have  been  released  partially  enter  chemical 
reactions  with  the  intermediate  products  of  thermal  disintegration.  More  heat  is 
th(  n  released,  and  th;  surface  tonix  rature  rises  to  300-350°C. 

The  external  appearance  of  the  burning  surface  resembles  a  fast-changing, 
foaming  with  gas  tubbles,  partially  r,  l>d  and  luminescent  region  of  propellant 
burning. 

The  value  of  this  zone  in  the  overall  burning  process  is  very  great  since  the 
sensitivity  of  the  burning  rate  of  propellants  to  the  change  of  pressure  and  initial 
t.*  mp'  rature  depends  on  the  specific  gravity  of  the  chemical  reactions  of  this 
-  ctf  in  the  whole  burning  process  and  the  quantity  of  heat  that  is  liberated.  The 
more  intensely  the  reactions  occur  in  this  zone,  the  less  sensitive  the  propellant 
is  to  a  change  of  pressure  and  Initial  temperature,  and  its  advantages  are  even 
■  n  alt r . 

"one  Xj-Xg,  the  mixed  or  "boiling11  zone,  is  directly  adjacent  co  the  burning 
-.urfaer,  and  externally  resembles  paths  of  flying  incandescent  solid  particles 
mixed  with  gas  flows.  In  this  zone  there  occur  intense  chemical  reactions  between 
gaseous  nitrogen  oxide  and  the  solid  intermediate  products  of  the  disintegration 
of  -ellulose  nitrates  and  other  parent  substances,  heat  is  also  liberated,  and 
temperature  increases. 

Zone  x0-x^,  tht  dark  or  induction  zone,  does  not  glow  at  low  pressures 
( 15-20  kg/cm  )  in  an  atmosphere  of  inert  gas  and  is  similar  to  the  lower  nonluminous 
s< ction  of  a  candle  flame. 

In  this  zone  there  occurs  accumulation  of  the  active  intermediate  combustion 
products  (NO,  CO,  Hg,  and  others)  which  then  energetically  react  and  form  final 
products.  Tne  presence  of  the  dark  zone  is  explained  by  the  fact  that  the  reactions 
<’f  nitropn  oxide  NO  with  the  intermediate  products  are  comparatively  slow  and 
rvquin  a  definite  Hmt,  i.e.,  induction  period. 

The  induction  perioa  is  reduced  with  the  Increase  of  pressure  and  initial 
propellant  temperature,  and  conversely. 

At  certain  pressure,  these  reactions,  in  general,  cannot  appear,  and  then  in 
the  reaction  products  thf  ?  *  1  be  many  nitrogen  oxides  NO.  The  value  of  this 
-one  in  the  overall  burnlrp  ..rocess  consists  in  the  fact  that  its  width  arid 
imposition  of  combustion  (inducts  determine  the  fullness  (completeness)  or 
‘ncompletenecs  of  propellant  burning  at  a  given  pressure. 
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If  the  external  conditions  are  favorable,  the  int^n  •  chemical  r*  *. otlors  of 
the  induction  zone  lead  to  final  combustion  products  and  the  formation  of  a  flame 
zone  x.,  -0. 

The  composition  of  the  final  reaction  products  is  established  In  j 

with  the  laws  of  chemical  thermodynamics  and  with  the  final  bu^  Inc  t>-*~  iatuvc 

Tmax  an-  Fressure* 

It  should  be  borne  in  mind  that  the  zonal  : ■  ms i deration  of  the  burning  process 
has  a  somewhat  conditional  character  since  in  the  actual  process  the  zones  are  not 
always  clearly  discernible,  1  the  chemical  reactions  in  them  can  occur  in  series 
as  well  as  in  parallel.  The  detailed  metd  anism  of  the  burning  o'  'Id  propellants 
at  present  is  also  an  object  of  study. 

The  burning  mechanism  Ox  nybrld  propellants  has  been  studied  in  less  detail 
than  the  burning  mechanism  of  nitrocellulose  propellants.  In  prii  u.  it  could 
be  represented  by  the  same  diagram  as  that  for  nitrocellulose  propellants. 

However,  the  burning  mechanism  of  hybrid  propellants  has  a  number  of 
peculiarities  that  are  determined  by  the  composition  and  nature  of  the  substances 
in  them. 

The  burning  of  hybrid  propellants,  just  as  nitrocellulose  ones,  begins  in  the 
solid  phase  with  the  thermal  disintegration  of  oxidizers  and  fuel  binders.  The 
burning  process  is  completed  in  gas  phases  due  to  the  intense  chemical  reactions 
between  the  gaseous  products  of  thermal  disintegration  of  the  components. 

In  distinction  from  nitrocellulose  propellants,  higher  temperatures  of  the 
burning  surface  (to  500-600°C)  and  maximum  burning  temperatures  closer  to  the 
burning  surface  are  most  characteristics  for  the  burning  of  hybrid  propellants. 

The  process  of  burning  solid  rocket  propellants  is  very  sensitive  to  external 
influences:  e.g.,  pressure  and  initial  propellant  temperature. 

With  the  increase  of  pressure  and  temperature,  zones  x^-x^.  are  sharply  reduced, 
and  the  flame  zone  approaches  right  to  the  burning  surface.  The  heat  supply  to 
the  burning  surface  increases,  the  burning  rate  increases,  and  the  heating  zone  is 
narrowed. 

When  pressure  and  temperature  is  lowered,  conversely,  the  zones  are  expanded, 
and  at  a  certain  critical  pressure  the  flame  zone  disappears  and  the  burning 
becomes  smoldering;  the  temperature  in  the  zones  does  not  rise  above  the  temperature’ 
of  the  dark  zone.  In  the  combustion  products  these  appear  many  nitrogen  oxides. 
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energy  is  not  completely  released  and,  as  they  say,  there  occurs  incomplete  burning. 

In  order  to  avoid  thes*  unfavorable  conditions,  burning  catalysts  are  employed 
that  accelerate  the  chemical  reactions  in  the  solid  and  gas  phases,  which  promote 
more  complete  burning  and  in  the  final  result  improve  the  propellant  characteristics. 

§  12.  Propellant  Burning  Rate 

A  quantitative  appraisal  oi  the  process  of  propellant  burning  is  made  by 
using  either  the  rate  of  movement  of  the  burning  front  or  the  mass  of  propellant 
burning  per  unit  time  from  a  unit  of  the  surface. 

In  first  case  the  burning  rate  is  said  to  be  linear  and  is  expressed  in 
mm/sec  or  cm/sec;  in  the  second  case  it  is  called  the  mass  burning  rate  and  expressed 

p 

in  c/cm  sec.  In  practice,  the  linear  burning  rate  is  used  more  frequently. 

The  burning  rate  is  a  very  Important  operating  characteristic  of  a  propellant 
since  it  is  used  to  estimate  the  quantity  of  gases  which  are  formed  during 
propellant  burning  per  unit  time  from  the  surface  of  a  charge.  It  is  one  of  the 
basic  parameters  when  designing  propellant  charges. 

The  burning  rate  of  a  propellant  depends  on  tne  pressure  In  the  engine,  the 
initial  temperature  of  the  propellant,  its  density,  energy  characteristics,  the 
nature  of  the  component  parts  of  the  propellant,  the  size  of  the  oxidizer  particles 
(in  hybrid  propellants)  and  the  burning  catalysts. 

For  practical  purposes,  it  is  always  necessary  to  first  of  all  know  the 
relationship  of  the  burning  rate  to  pressure. 

The  relationship  of  the  burning  rate  of  solid  propellants  to  pressure  Is 
determined  experimentally  and  expressed  by  formulas  which  have  been  called  the 
laws  of  the  burning  rate.  The  laws  of  the  burning  rate  for  many  propellants  have 
the  form 

«=a  +  £/?’. 

where  u  is  the  burning  rate  in  mm/sec  or  cm/sec;  p  is  the  pressure  at  which  the 
propellant  burns  in  kg/om*';  a,  b,  and  v  as  experimental  coefficients  that 
characterize  the  nature  of  the  propellant,  the  presence  of  catalysts,  the 
dimensions  of  the  oxidize  (  .r  ides,  and  other  properties  of  the  propellant. 

The  law  of  the  burning  rate  is  found  experimentally  for  each  propellant  in  the 
tv  sired  pressure  range  . 

According  to  the  law  of  the  burning  rate,  it  is  possible  to  calculate  burning 
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rate  for  any  pressure. 

Table  6  gives  the  values  of  burning  rates  and  the  laws  of  burning  rates  for 
typical  propellants,  and  they  are  depicted  graphically  in  I-g.  15. 


Table  6.  Burning  Rate  of  Solid  Rocket  Propellant <■ 


Pressure 

Law  of  burning 

Burning  rat 

for  p  in  kg 

e  in  ""i.,  j.->c 

^  t 

/cm*- 

range 

rate 

30  SO 

100 

Nitrocellulose  propellants,  type  H,  T-6  and  HM-2 

0.6  j 

4 


>0-100 

100-200 


-  0.7  pv 
a  =  4.0  +  0.05  P 


6.4 


Nitrocellulose  propellants,  type  M-8  and  T. 


30-120 


u  =  0.885  P0,69 


ij.n! 


14.0 


21.2 


Hybrid  propellants  with  NH^ClOjj  type  AP 


14-120 


u  =  2.2  p 


o.  i 


9.6 


10.5 


l?.< 


Hybrid  propellants  with  Kl1,*j1  type  ALT-161 

I  **  .  I 


70-140 


a  =  1.24  p 


0.7 


16.4 


19.1 


31 


Hybrid  propellants  with  NH1{N0j  type  AN 


u  =  0.4  p 


0.5 


0.6 


1.0 


3.0 


When  evaluating  propellants  with  respect  to  burning  rate,  not  only  is  the 
value  of  the  burning  rate  at  the  given  pressure  taken  into  account,  but  also  its 
dependence  on  the  change  of  pressure.  In  many  cases  the  propellant  will  be  better 
suited  for  use  in  an  engine,  the  less  sensitive  the  burning  rate  is  to  the  change 
of  pressure,  i.e.,  the  smaller  the  coefficients  v  and  b. 


i'ig.  15.  Dependence  of  burning 
rate  on  pressure  for  various 
propellants. 


§  13 .  Temperature  Coefficient 
of  Burning  Rate 

Besides  the  absolute  value  of  the  burning 
rate,  another  no  less  important  characteristic 
of  solid  propellants  is  the  dependence  of 
their  burning  rates  on  the  initial  temperature 
of  the  charge.  This  dependence  is  expressed 
by  the  temperature  coefficient  (gradient) 
of  the  burning  rate  Au/At,  which  may  be 
calculated  by  the  formula 
All  _  «i,  - 

n 
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wht re  Au  is  the  burning  rate  increment,  which  depends  upon  the  temperature  increment; 

At  is  the  temperature  increment;  u.  is  the  burning  rate  at  temperature  t,, ;  u, 

H  2 

is  the  turning  rate  at  Umpcratu/ ■:  t^. 

This  is  shown  graphically  in  Fig.  16. 

The  temperature  gradient  of  the  burning  rate  snows  how  the  burning  rate 
changes  when  the  temperature  change  by  1°C. 

The  burning  rate  of  certain  propellants  with  a  change  of  temperature,  e.g., 
from  -40  to  +40°C,  can  increase  from  one  and  a  half  to  two  times. 

The  strength  of  the  walls  of  a  rocket  engine  and  the  flow  area  of  a  nozzle 
usually  are  calculated  for  a  specific  pressure  and  quantity  of  formed  gases.  The 
latter  depends  on  the  burning  rate. 

If  the  engine  is  calculated  for  minimum  pressure  during  propellant  burning 
ot  lov.  temperatures,  an  increase  in  temperature  results  in  an  increase  of  the 
burning  rate,  an  increase  in  pressure,  and  the  engine  can  be  destroyed. 

Conversely,  if  the  engine  is  calculated  for  maximum  pressure,  the  gas  entry 
will  be  small  and  pressure  will  drop  at  low  temperatures  due  to  the  small  burning 
rate.  Thrust  then  decreases  and  the  engine's  service  life  increases. 

As  an  example.  Table  7  shows  the 
change  in  thrust  and  operating  time 
depending  upon  temperature  for  the  booster 
JATO  15  KS-1000.  This  engine  is 
calculated  for  a  thrust  of  450  kg  and 
a  temperature  interval  of  use  from  -5!* 
to  +60°C. 

As  can  be  sfan,  al]  engine  parameters 
change  sharply  during  temperature  variations. 

In  order  to  txci.«  abnormal  engine  operation,  propellants  are  selected  with 
a  small  temperature  dependence  of  the  burning  rate  and  the  temperature  interval 
of  its  use  is  assigned. 


Fig.  16.  Dependence  of  burning 
rate  on  initial  temperature  of  charge. 


Tar  1  7.  Change  in  Engine  Performance 

of  ■<  . f  15  KS-1000  Depending  Upon 
Inl  l-.  t  Temperature _ 


ignition 
delay,  sec 

Thrust,  kg 

Service 
life,  sec 

0.  21 

570 

18 

0.11 

480 

14 

/ 

0.09 

600 

11.5 

-54 

+15 

+60 


Table  8.  Temperature  Gradients  of  Burning  Rate  and  Tempfr.aure  Intervals  of 
Propellant  Use _ _ _ 


Propellant 

Temperature  gradient 
of  burning  rate, 
mm/sec  deg 

Temperature  interval 
of  use ,  °C 

Ordinary  nitrocellulose  . 

0.015-0.020 

1  v  “ 

Nitrocellulose  with  high-energy 
characteristics,  type  M-8  . 

0.039-0.040 

-30  -  +60 

Hybrid,  type  ALT-161  ......... 

0.057-0. cOo 

-55  -  +75 

Hybrid,  ammonium  perchlorate  base, 
type  AP  . 

0.03-0.02 

-55  -  +75 

The  temperature  gradients  ox  the  burning  rate  and  temperature  intervals  of 
use  for  typical  solid  rocket  propellants  are  shown  in  Table  8. 


In  cases  when  it  is  net  possible  to  select  the  ne^..  sary  propellant  with  rest.-  ,  t 
to  Au/At,  the  flow  areas  of  the  notzi-.s  are  adjusted  or  the  engines  are  specially 
heated.  In  th_  first  case,  at  low  temperatures,  the  size  of  the  ml- cal  area 
cf  the  nozzle  is  partially  overlapped  or  several  nozzles  are  completely  closed  off 
if  the  engine  has  more  than  one  nozzle.  In  the  second  case,  as  was  done  for  the 
American  rocket  "Honest  John,"  and  electric  b„anket  is  placed  on  the  rocket 
and  the  charge  temperature  is  sustained  at  the  necessary  level  in  the  winter. 

§  14.  Erosional  Burning  and  Critical  Pressure  of  Complete  Burning 

The  above-considered  dependences  for  the  burning  rate  of  solid  rocket 
propellants  are  not  always  observed  under  the  conditions  of  an  actual  rocket  engine. 

Experimental  data,  in  particular,  show  that  with  the  increase  of  the  velocity 
of  the  gas  flow  parallel  to  the  burning  surface  of  the  charge,  the  burning  rate 
increases  to  values  which  exceed  its  normal  magnitude  as  obtained  from  thi  law  of 
the  burning  rate. 

This  phenomenon  is  called  erosional  burning. 

There  are  opinions  that  there  is  a  limiting  velocity  of  gas  flow  (threshold 
velocity)  below  which  the  speed  of  flowing  gases  does  not  affect  the  burning  rate. 

Calculation  of  erosional  burning  Is  especially  necessary  in  engines  with  high 
internal  flow  velocities. 

Lrosional  burning  also  can  be  caused  by  the  collision  of  counter  flows  and 
jet  streams.  In  turn,  it  can  be  the  cause  of  unstable,  resonance  burning. 

Solid  propellants  also  have  a  limiting  critical  pressure,  below  which  the 
burning  is  incomplete.  In  incomplete  burning,  engine  thrust  drops  sharply,  and  the 
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combustion  products  contain  many  intermediate  products  that  have  not  been  completely 
burned. 

Propellants  have  pressure  limits,  below  which  it  is  impossible  to  use  the 
propellants. 

These  limits  (approximate)  are  shown  in  Table  9  for  various  propellants. 

From  the  data  Given  in  Table  9>  it  follows  tnat: 

—  the  higher  the  energy  characteristics  of  nitrocellulose  propellants,  the 
lower  the  critical  pressure  of  complete  burning; 

—  the  critical  pressure  of  complete  burning  of  hybrid  propellants  is  lower 
than  the  actual  pressures  at  which  SPKE  operate. 


Table  9.  Limits  of  Critical  Pressure  for  Various  Propellapts 


Lower  limit  of 
critical  pressure, 

O 

kg/cm 


Propellant 


Ordinary  nitrocellulose,  type  H  . 

Nitrocellulose  with  high-energy  characteristics,  type 
M-8 . 

Hyorid,  type  ALT-161  . 

Hybrid,  ammonium  perchlorate  base  . 

Hybrid,  ammoniun  "itrate  base  . 


40 

15 

50 

Ik 

7 


The  limit  of  complete  burning  of  nitrocellulose  propellants  is  lowered  by 
introducing  burning  catalysts  into  their  composition.  The  most  effective  catalysts 
lower  the  critical  pressure  cT  complete  burning  from  one  and  a  half  to  two  times. 


§  15.  Abnormal  Burning 

Abnormal  propellant  burning  in  an  engine  appears  as  an  irregular  change  of 
pressure  in  the  engine  chamber  (Fig.  17).  Despite  the  fact  that  the  phenomenon 
of  abnormal  propellant  burning  in  an  engine  was  known  long  ago,  there  is  still  nc 
exhausting  explanation  of  the  causes  which  bring  about  such  burning. 

Ic  is  assumed  that  me  various  cases  of  abnormal  burning  usually  have  two  of 
the  most  characteristic  forms:  unstable  and  incomplete  burning. 

Unstable  burning  (iig.  l?a)  is  characterized  by  a  sudden  growth  of  pressure 
in  rocket  engines  by  a  sharp  increase  of  the  burning  surface  (internal  defects 
or  partial  destruction  of  ti,.  charge),  or  due  to  the  appearing  resonance  of  high- 
frequency  sound  vibt’’'  •  ,  .,f  gases  in  the  engine  (resonance  burning). 

Resonance  burning  is  related  to  the  presence  of  a  critical  point  in  the 


burning  zone  which  has  a  aero  gas 
velocity.  The  burning  of  a  charge  in 
this  point  is  accompanied  by  the 
separation  of  gas  flows  in  ii.  a.  , 
of  the  nozzle  and  in  -he  o> ;yalte 
direction. 

Incomplete  burning  (Fig.  l?b) 
appears  us'  ally  as  a  sharp  drop  of 
pressure  in  the  engine  and  is  accompani 
by  pauses,  "gasps,"  ?>  1  "sputtering." 

This  character  of  burning  is  explained  by  the  r1 lowing: 

Propellant  burning  at  low  pressures  is  slow  and  takes  place  at  some  distance 
from  the  burning  surface.  If  burning  ceases  due  to  a  drop  in  presrt-«  or  because 
the  gas  flow  along  the  charge  surface  is  so  great  that  it  carries  incompletely 
burned  products  from  the  nozzle,  the  flame  temperature  drops  sharply  and  the 
quantity  of  gaseous  products  decreases.  This  leads  to  a  lowering  of  pressure  in 
the  chamber,  a  drop  in  surface  temperature,  and  the  cessation  of  burning. 

The  following  cycle  begins  due  to  the  fact  that  the  exothermic  reactions  in  thc- 
heated  layer  of  propellant  do  not  stop  and  the  propellant,  which  obtains  additional 
heat  from  the  engine  walls,  again  ignites  and  increases  the  pressure  in  the  engine. 
However,  the  heated  layer  burns  quickly  and  does  not  ensure  normal  pressure,  as 
a  result  of  which  the  pressure  again  drops  and  the  cycles  can  be  repeated  several 
times. 

Burning  catalysts  promote  acceleration  of  the  chemical  reactions  in  the 
propel  lent  burning  zones  and  thereby  ensure  complete  propellant  burning  at  lower 
pressures  ar.d  initial  charge  temperatures. 

The  stability  of  propellant  burning  is  ncreased  by  changing  not  only  their 
properties,  but  also  the  geometric  shapes  of  vhe  charges,  and  also  by  closing  off 
part  of  the  charge's  surface  with  a  nonburning  material,  i.e.,  an  inhibitor. 

The  charge  is  then  placed  in  the  engine  in  such  a  way  that  it  is  always 
possible  for  the  gases  formed  during  burning  to  pass  through  the  nozzle  without 
any  obstructions. 

Consequently,  a  solid-propellant  engine,  with  the  exception  of  the  end¬ 
burning  type,  always  has  a  free  area  inside,  which  also  means  a  free  volume  which 
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Fig.  17.  Abnormal  burning:  a)  unstable ; 
b)  incomplete. 
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is  not  filled  with  propellant. 

Thus,  for  h  typical  SPRE,  the  *'ollowing  distribution  of  volume  between  its 
aggregates  is  characteristic: 


Propellant . 75.7$ 

Insulation  of  chamber  wall . 1.3$ 

Front  and  rear  bottoms . 0.2$ 

Diaphragms . 0.6$ 

Igniter . 0.^$ 


Free  volume  for  passage  of  gases  .  .  21.8$ 

The  size  of  the  free  volume  in  an  engine  determines  the  charging  and 
consequently,  the  relative  propellant  weight  in  the  engine. 

In  turn,  the  charging  density  is  equal  to 


where  FT  is  the  cross-sectional  area  of  the  end  of  the  charge;  FK  is  the  cross- 
sectional  area  of  the  combustion  chamber. 

§  16 .  Energy  Characteristics  of  Solid  Rocket  Propellants 

Up  till  now  we  have  been  considering  tht.  various  properties  of  finished 
propellants.  When  describing  the  properties  of  the  separate  components,  we  took 
into  account  the  possibility  of  manufacturing  the  propellants  and  their  physical, 
chemical,  and  mechanical  properties. 

However,  the  most  important  for  solid  propellants,  just  as  for  any  propellants, 
are  their  energy  characteristics,  i.e.,  their  calorific  value  and  specific  impulse 
(specific  thrust). 

The  calorific  value  of  a  propellant  is  determined  by  the  quantity  of  heat 
which  is  released  during  combustion  of  1  kg  of  substance  in  oxygen  or  air  under  the 
condition  that  ',11  combustion  products  are  reduced  to  standard  conditions  (to  a 
temperature  of  25°C  ana  a  pressure  of  760  mm  Hg) . 

The  calorific  value,  or  caloricity,  of  rocket  propellants,  which  is  a  measure 
of  their  potential  chemical  energy,  does  not  yet  completely  characterize  rocket 
propellants  as  sources  of  orergy  of  rocket  motion.  The  fact  is  that  during  the 
dischargc  of  propellant  ",  .  i  •  '.tion  products  from  the  nozzle  of  a  jet  engine,  they 
are  not,  cooled  to  th  jl  temperature  at  which  the  calorific  value  is  determined, 

.'sually  tht  temperatur*  of  the  ^.ases  at  the  nozzle  outlet  is  greater  than  1000°C; 
therefore,  th<  calorific  value  of  propellants  in  a  jet  engine  is  used  not  completely. 
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Ttw  Incompleteness  of  the  use  of  the  calorific  value  of  nr  cue  Hants  in  in  engin* 
is  estimated  by  efficiency  [KPD]q  (KFIJX  )rl>  which  is  always  less  than  unity. 

The  calorific  value  of  propellants  is  an  important  and  necessary  character! ' 
of  the  energy  capabilities  of  propellants:  the  greater  it  is,  the  betted  ..c 
propellant  as  a  source  of  energy.  But  this,  it  seems,  is  not  enof  u  to  •  equate 
the  propellant  completely.  It  is  also  necessary  to  consider  the  properties  of  the 
combustion,  products. 

The  quantity  which  considers  both  the  energy  source  and  the  properties  of 
the  working  substance  is  specific  thrust. 

Specific  thrust  is  the  engine  thrust  referred  to  a  unit  01  the  -  ight  rate  of 
propellant  flow,  i.e.,  to  the  amount  of  it  which  pa;  from  the  nozzle  in  the 
form  of  combustion  products  per  second. 

If  the  combustion  products  of  the  p.cp^llant  in  the  nozzle  of  -  _■  t  engine 
iiv  expanded  to  external  pressure,  the  specific  enrust  can  be  determined  by  the 
formula 


Py>. 


kg  thrust 
kg  propellant/sec’ 


where  R  is  the  specific  gas  constant  in  kgm/kg  deg;  T  is  the  propellant  burning 
temperature  in  °K;  p^  is  the  pressure  in  the  combustion  chamber  in  kg/cm2;  pa  is 

th<-  pressure  at  the  nozzle  cutoff  in  kg/cm“;  g  is  acceleration  due  to  gravity 

2 

in  m/sec  ;  k  is  the  adiabatic  exponent. 

The  specific  thrust  of  solid  propellants  is  frequently  called  the  specific 
impulse,  or  the  unit  impulse  of  thrust  —  1^. 

The  product  of  the  value  of  the  unit  impulse  multiplied  by  the  weight  of  all 
the  propellant  in  the  engines  gives  the  value  of  the  total  impulse  of  the  engines 

/es/jUKssPt, 

where  r  is  engine  thrust  in  kg;  t  is  the  service  life  of  the  engine  (propellant 
burning  time)  in  sec;  a>  is  the  propellant  weight  in  kg. 

Specific  thrust  (unit  impulse)  may  be  calculated  if  the  calorific  value  of 
the  propellant  Hu  and  its  engine  utilization  factor  q  are  known: 

P y.e  / 1 ===  3,34  |  , 

However,  it  is  not  always  possible  on  practice  to  directly  determine  its 
calorific  value  and  utilization  factor  since  they  depend  on  the  pressure  and 
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temperature  of  propellant  burning  in  the  et.gine  chamber  and  tne  combustion  products 
at  the  nozzle  cutoff. 

In  other  words,  tlr  y  are  variat  Le  quantities  and  depend  on  the  specific 
conditions  of  propellant  burning;  therefore,  specific  thrust  (unit  impulse)  is  the 
most  common  energy  characteristic  of  rocket  propellants.  Thus,  if  the  calorific 
value  of  rocket  propellants  characterizes  them  as  sources  of  chemical  energy,  the 
specific  thrust  (u'it  impulse)  makes  it  possible  to  evaluate  propellants  as  source 
of  energy  of  rocket  motion  when  they  are  used  in  specific  engines. 

In  the  formula  for  specific  thrust,  the  pressure  :.n  the  engine  pQ  and  the 
pressure  at  the  nozzle  cutoff  pQ  can  be  specified  beforehand  by  the  nozzle  design 
and  are  in  no  way  connected  with  the  propellant.  The  relationship  P0/Pa  ls  called 
the  expansion  ratio. 

If  we  assume  that  pressure  pQ  and  the  expansion  ratio  in  the  engine  will 
remain  consta.it,  the  specific  thrust  will  depend  onlj  on  the  composition  of  the 
propellant,  its  calorific  value,  and  the  properties  of  the  combustion  products, 
i.e. ,  on  T  and  k. 

It  should  be  recalled  that  propellants  can  be  compared  among  themselves  with 
respecc  to  the  magnitude  of  specific  thrust  (unit  impulse)  only  in  if  the  expansion 
ratio  is  the  same.  The  greater  the  expansion  ratio,  the  greater  the  specific 
thrust  (Fig.  18).  The  greater  the  specific  thrust  at  a  constant  expansion  ratio, 
the  better  the  rocket  propellant  as  a  source  of  energy  of  rocket  motion. 


■ 


Fig.  18.  Pependenc  of 
specific  thrust  on  expansl 
ratio  for  design  eondi'ioi. 
of  discharge  of  comb  i. 
product  s. 


The  relationship  between  the  oxidizer  and 
fuel  elements  in  a  propellant,  independently  of 
what  their  combinations  are  is  determined  by 
the  excess  oxidant  ratio  a. 

For  propellants  that  contain  oxygen,  hydrog-  r>, 
carbon,  and  nitrogen  atoms,  the  excess  oxidant 
ratio  is  defined  as  the  ratio  of  the  number  of 
oxygen  atoms  in  the  propellants  to  the  number 
necessary  for  the  combustion  of  hydrogen  to  watr r 
and  carbon  to  carbon  dioxide. 

When  there  is  exactly  the  amount  of  oxygen 
in  the  propellant  necessary  for  complete  combustion 
of  th«  substances  remaining  in  it,  the  mixture  is 


-55- 


said  to  be  stoichiometric  and  a  =  1.  But  inasmuch  as  ther  e  heavier  s.  j  in 
the  combustion  products  (steam  and  carbon  dioxide),  it  l  .  unpeofital  -  to  incr.  aco  a. 

With  the  increase  of  temperature,  the  gases  that  are  formed  begin  to 
dissociate,  and  break  up  into  simpler  ones;  therefore,  the  components  of  coil-1 
propellants  are  selected  in  such  relationships  so  that  the  excess  oxid  .it  f-<- 
is  not  very  large,  but  corresponds  the  maximum  value  of  specific  ti  re.  t . 

An  important  condition  that  limits  the  value  of  o  ./iso  are  the  tecnnologico 1 
capabilities  of  manufacturing  the  propellants  and  their  physical-mechanical 
properties.  For  instance,  nitrocellulose  propellants  which  are  prepared  with 
the  relationship  of  the  entering  substances  corresponding  to  the  optimum  \alue  of 
a  are  not  suitable  for  use  with  regard  to  their  physical-meehani:  .  ;  roperties. 

Many  hybrid  propellants  which  are  optimum  with  respect  ; u  their  energy  characteristic 
cannot  be  prepared  technologic a i iy.  In  virtue  of  these  reasons,  solid  propellants 
as  a  rule  have  a  =  O.58-O.7O  for  nitrocellulose  propellants  and  <7  ■  -.70-0.85 
-•nd  up  to  O.9O  for  hybrid  propellants. 


Table  10,  Energy  Characteristics 


of  Solid  Rocket  Propellants 


Characteristic 


Dimension 


■  111 1  mfvmi  i 

_ Hy 

BrlT 

H,  HI-1-2, 
T-6 

si  1 

nil 

AN 

ALT-161 

AP 

Polyurethane 
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2200-2500 

5100-5200 
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255-256 

220-22*1 

2*»0-2*)6 
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2*19 

250-255 
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1170-1200 

_ 

— 

Burning  tem¬ 
perature  at 
pressure  *10-70 


kg/cmc 


Specific 
'lnust  (unit 
lmpuls*')  at 


kg  thrust 


kg  propellant/sec 


—  =  100 


( theoret leal 
valu~ ) 


Calorific 

value 


The  same 


keal/kg 


Table  10  gives  the  energy  characteristics  and  thermodynamic  properties  of 
certain  propellants. 

It  follows  from  the  data  J.r.  Table  10  that  the  specific  thrust  of  solid  roek<  t 
propellants  varies  in  wide  limits,  but  is  not  very  great  in  absolute  valu-  .  In 
order  to  be  convinced  of  this,  it  is  sufficient  to  compare  the  energy  charaet-  rirticr 
of  liquid  and  solid  propellants  (Table  11). 


Table  11.  Energy  Characteristics  of  Liquid  and  Solid  Propellants 


Propellant 

11S2S9 

1 

Burning 

temperature, 

°K 

Specific  thrust  at 

p0/pt  =  50/1. 

kg  thrust 
kg  propellant/see 

Liquid  propellants 

Kerosene  +  98$  HH05  . 

1.36 

3000 

235 

Kerosene  +  nitrogen  tetroxide  (I^O^).  • 

1.38 

3200 

245 

Kerosene  +  liquid  oxygen  . 

1.00 

3650 

280 

93.55”’  ethyl  alcohol  -1-  liquid  oxygen  .  . 

0.99 

3350 

260 

Dimethylhydrazine  (CHHgNgHg  +  liquid 

oxygen . 

1.02 

3400 

290 

Liquid  hydrogen  t  liquid  fluorine  .  .  . 

0.75 

4980 

350 

Applied  solid  rocket  propellants.  .  .  . 

1.6-1. 7 

2600-3000 

220-240 

Prospective  solid  rocket  propellants.  . 

1.7-1. 8 

3200-3500 

2  5-250 

One  of  the  simplest  ways  of  increasing  the  energy  capabilities  of  hybrid 
propellants  is  to  use  metals  in  their  composition  in  the  form  of  powders  (e.g., 
aluminum  or  magnesium).  This  method  makes  it  possible  to  increase  specific  thrust 
in  some  cases  by  10-15  units.  Table  12  gives  the  comparative  energy  characteristic', 
of  various  hybrid  propellants  with  various  metals. 

It  follows  from  the  given  data  that  the  most  effective  additive  is  aluminum 
in  a  quantity  of  no  more  than  15-20$. 

In  addition  to  raising  the  energy  characteristics  of  propellants,  metals  also 
Increase  their  density  (they  are  supposed  to  reduce  the  specific  gravity  to 
approximately  2  g/cirr^).  However,  the  manufacture  of  such  propellants  requires 
powders  with  a  particle  diameter  of  less  than  10  microns  (from  1  to  0.1). 

This  improves  the  combustion  of  metals,  but  the  production  of  such  powders 
and  their  preservation  in  an  unoxidized  state  is  a  difficult  task. 

An  .-s’-  ntia]  deficiency  of  such  prupt  Hauls  is  trie  fact  that  during  their 
l  truing  very  high  1<i,  natures  are  developed  and  a  large  quantity  of  solid  produets 
•ua  re  least  d. 

Another  way  of  inc r.-asing  the  energy  characteristics  of  hybrid  propellants 
Is.  to  find  new  oxidizers  with  a  large  reserve  of  free  oxygen  and  fuel  binders  in 
which  the  carbon  atoms  wo.,  i  1  replaced  by  atoms  of  metals  (Ai,  Mg,  B).  At 
present,  such  methods  are  miy  being  investigated  abroad. 

Th<  following  ccm lualunr  can  be  made  from  the  data  given  in  Tables  10,  11, 
and  12. 
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Table  12.  Energy  Characteristics  of  Propellants  Containing  Metals 
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fuming  temperature  in  °K 

2420 
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5221 
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5519 
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Content  of  solids  in  # 

- 
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V.'lth  regard  to  effectiveness  and  .^."ine  design  features,  liquid  .  * .  |jr.  llanta 
still  surpass  solid  propellants.  Contemporary  tiouid-propellant  rockets  have  a 
very  improved  design,  the  weight  of  which,  as  compared  u  total  gross,  weight,  is 
insignificant.  The  weight  of  the  liquid  propellant  placed  in  a  rocket,  with  re  spec 
to  the  weight  of  the  entire  rocket  is  a  [LPRE]  (}np$),  reaches  80#  and  more.  The 
relative  propellant  weight  in  contemporary  solid-propellant  rockets  and  solid- 
propelLant  engines  amounts  to  a  total  of  .50-60;*, 

The  larger  specific  thrust  and  better  design  characteristics  of  LPRE  provide 
the  Liquid  oropellant  with  a  greater  effectiveness  as  compared  to  solid  propellants. 

Th>'  application  of  light  and  durable  materials  for  the  manufacture  of  solid- 
propellant  engines  will  make  it  possible  to  considerably  improve  their  design 
characteristics,  which  will  also  increase  the  effectiveness  of  the  solid  propellants. 

Thi  re  are  projects  for  rockets  and  engines  (e.g.,  those  designed  in  the  United 
States  by  Rocketdyne^  which  will  make  it  possible  to  have  a  relative  propellant 
Weight  i.e  eo  90-957’.  However,  this  is  still  only  a  project  and  the  only  data 
avail-ille  are  taken  from  advertisements. 

Non-  the less,  solid  propellants  and  solid-propellant  rockets  are  more  convenier l 
for  operation.  Solid-propellants  rockets  always  are  ready  for  launching  and  possess 
r renter  reliability  as  compared  to  liquid-propellant  rockets.  Moreover,  they  art¬ 
less  expensive. 

The  ground  equipment  for  liquid-propellant  rockets  is  very  complicated  and 
expensive.  For  instance,  from  the  total  cost  of  an  "Atlas"  rocket,  complex  the 
rocket  itself  comprises  only  25#;  the  remaining  cost  is  taken  up  by  the  propellant, 
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the  monitoring  and  observing  equipment,  the  wages  of  the  maintenance  personnel, 
and  expenditures  for  the  construction  of  the  launch  site. 

The  replacement  of  iiquid-propt  llant  rockets  by  rockets  with  SPRE  will  save 
the  armed  forces  from  using  the  complicated  and  bulky  equipment  which  is  necessary 
when  liquid  rocket  propellants  are  employed. 

In  addition,  liquid  propellants  are  poisonous  substances  which  require  special 
precautionary  measures  during  handling. 

A  large  advantage  of  solid-propellant  rockets  over  liquid  rockets  also  is 
their  high  operational  reliability  during  launching. 

According  to  American  data,  the  reliability  of  liquid-propellant  rockets 
does  not  exceed  80-98#,  whereas  solid-propellant  rocket  engines  ensure  a 
1"'-  liability  of  99. 96-99. 99$. 

The  convenience  in  handling,  safety  and  simplicity  of  storage,  and  high 
■hetnical  and  physical  stability  of  solid  propellants  make  it  possible  to  employ 
them  in  rockets  of  the  most  diverse  assignment  and  almost  under  any  conditions. 
However,  they  do  not  compare  very  well  with  liquid  rocket  propellants  with  respect 
to  energy  characteristics. 

Research  on  new  materials  for  the  manufacture  of  engines  and  the  creation  of 
more  modern  charge  designs  and  new  ’hemicals  for  the  manufacture  of  solid  propellant 
will  make  it  possible  to  create  more  improved,  reliable,  and  Inexpensive  rockets 
which  will  be  nearly  as  effective  as  liquid-propellant  rockets  and  will  utilised 
<\tensivc ly  for  fhe  solution  of  the  most  deverse  problems. 


